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ABSTRACT

Arsenic is a naturally occurring toxic metalloid that has been widely used in agriculture,
industry and medicine throughout the world. As it occurs quite commonly throughout
the environment, many living organisms have established a tolerance or resistance to its
biologically toxic effects. The most common form of resistance in bacteria is centred
on the efflux mechanism that is controlled by the arsenic resistance (ars) genes.
Diversely arranged ars genes have been widely found on both chromosomes and
plasmids of various bacteria.
A Sinorhizobium strain (As4) isolated from the soil of arsenic-contaminated cattle dipsites in Northern NSW, Australia, is able to actively grow in the presence of high
concentrations of arsenic. Further examination led to the identification of a novel ars
gene cluster (As4 ars gene cluster) that contains six or more genes, including a trxB
gene that co-functions with the arsC gene. The first five genes are organised in a unique
order – arsRBCDA when compared to the common order of arsRDABC found in other
ars operons such as pR773. Computer analysis predicted that more than one
transcription unit might exist in this gene cluster with arsRBC and the downstream
genes (arsDAtrxB) transcribed separately. A previously conducted Northern blot
analysis seemed to support this view, but no definitive conclusion could be reached
without further experiments.
This thesis describes the design, construction and use of a series of reporter gene
plasmids, in which the promoter ParsR and arsR gene or/and putative promoter ParsD and
arsD gene were fused upstream to the promoterless lacZ gene of plasmid pUJ8. Activity
of the different constructs was monitored by a β-galactosidase assay. The results
indicated that the putative promoter ParsD may not exist, and that the expression of the
ars genes were regulated by ArsR and ArsD, which can be induced by arsenite. The
transcript identification by RT-PCR analysis also demonstrated that the mRNA
transcription could read through the predicted putative transcriptional terminator
between arsC and arsD, indicating that the As4 ars gene cluster was transcribed under
XIV

the control of a single promoter, which is in line with the results from the reporter gene
analysis.
Bioinformatic analysis of the ArsR, ArsD and ArsA proteins of the As4 ars gene cluster
was undertaken to examine specific consensus sequences. Alignment of the As4 ArsD
with seven other ArsDs shows that the As4 ArsD protein lacks a particular pair of
cysteine residues, which have been demonstrated to be required for induction in pR773
ArsD, suggesting the regulatory mechanism of As4 ArsD may be different from that of
pR773. Bioinformatic analysis of the non-coding region in front of arsD in the As4 ars
gene cluster revealed some specific sequences, including two inverted repeats, and that
a putative regulatory protein-binding site exists within this region.
Therefore, some suggestions as to the function of the region and the regulatory
mechanism of the As4 ars gene cluster are made. It is possible that the cluster can be
transcribed to both a short mRNA (arsRBC) and a long mRNA (arsRBCDAtrxB)
depending on the concentrations of inducers, with ArsD binding to the putative
regulatory elements in front of arsD to interfere with the transcription of the
downstream genes. Alternatively, it may be that the inverted repeats in front of arsD
can form a stem-loop to regulate the downstream genes at a post-transcriptional level.
The phylogenetic analysis and comparison of As4 Ars proteins with their counterparts
encoded by other ars operons also indicated that unlike the arsRDABC operons which
exist on the plasmids of Gram-negative bacteria, the As4 ars operon possibly originated
from an arsRBC operon of a Gram-positive organism by acquisition of an arsDA operon
at the end of arsC.
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Chapter 1: INTRODUCTION

1.1

ARSENIC

IN

THE

ENVIRONMENT

AND

ITS

EFFECTS ON ORGANISMS
1.1.1 Arsenic Species
Arsenic, as a toxic metalloid of the nitrogen family, shares chemical properties with
other group V elements, such as antimony (Sb), which is also a metalloid (Wu and
Rosen, 1993b). Arsenic exists naturally in many inorganic forms, for example, it can
exist as gas such as arsine, and it also occurs frequently in the pentavalent state (As(V))
as arsenate and in the trivalent state (As(III)) as arsenite in soil solution. Arsenate and
arsenite are interconvertible, and the redox condition and pH are the most important
factors that control the speciation between them. For example, As(V) is predicted to be
the thermodynamically stable valence at Eh values greater than approximately -100 mV
at pH 8 and greater than 300 mV at pH 4; while As(III) is the thermodynamically stable
valence below these redox potentials (Inskeep et al., 2002). In addition, the ionic forms
of these two species (i.e., As(V) and As(III)) are also pH dependant. For example, at
physiological pH, As(V) is dominated by H2AsO41- (2.5<pH<7) and HAsO42- (7<
pH<12), whilst As(III) is dominated by H3AsO3 (pH<9.3) (Inskeep et al., 2002). In a
natural environment, both arsenate and arsenite oxidation states can be subjected to
chemically and microbiologically mediated oxidation, reduction, and methylation
reactions (Nriagu, 1994). Arsenic also exists in organic forms, which are often found in
association with biological systems. These include the methylated arsenicals such as
monomethylarsonate (MMA), dimethylarsonate (DMA), which are common arsenic
metabolites found in most environmental compartments, and other arsenicals such as
arsenobetaine, arsenocholine and tetramethylarsonium ion, which are common species
in marine animals (Francesconi and Kuehnelt, 2002).

1.1.2 Uses of Arsenic
Arsenic compounds, in particular orpiment and realgar, were used as colouring agents
and alloys in Greco-Roman times in ornamental painting and as cosmetics. More
1

recently, in the late 19th century, arsenic compounds were widely used as colour agents
in wallpapers, wrapping paper and toys. Other major uses of arsenic were
pharmaceutical and medicinal, for example, as a remedy for asthma and coughs, and for
a wide variety of problems in Indian medicine (Nriagu, 1994). In the 20th century,
arsenic has found more uses: (1) in agriculture, as pesticides (e.g. for cattle and sheep
tick dips), cotton defoliants, wood preservatives, as a growth promoter in pigs, and in
veterinary medicine for disease prevention; (2) in medicine, to treat for example,
sleeping sickness and syphilis; (3) in electronics, metallurgy and for other industrial
uses, including manufacture of glassware, catalysts and anti-fouling paints (Nriagu,
2001). Some of these uses are still in practice today.

1.1.3 Toxicity of Arsenic
The biological availability and physiological and toxicological effects of arsenic depend
on its chemical form. For example, as the oxidation state increases, the toxicity of
inorganic arsenicals decreases, that is, arsonite (oxidation state +1) is more toxic than
arsenite (+3), and in turn, arsenite is much more toxic than arsenate (+5) for most
biological systems (Nriagu, 1994). However, the toxicity of arsenic to organisms also
depends on both endogenous factors (e.g., the membrane oxyanion uptake and efflux
pumps) and exogenous factors (e.g., the mobility of arsenite and arsenate which can be
affected by the redox potential and pH of the environment) (Silver et al., 2002). Since
arsenate (As(V)) is structurally and electrically similar to phosphate, it is able to enter
metabolic pathways by phosphate transport systems (Booth and Guidotti, 1997), thus
partially blocking protein synthesis and interfering with protein phosphorylation when
the phosphate concentration is low (Tamaki and Frankenberger, 1992). Arsenite
(As(III)), on the other hand, is toxic primarily because it can act as a soft metal ion,
forming strong bonds with the thiolates of cysteine residues and the imidazolium
nitrogens of histidine residues, thus leading to inactivation of vital enzymes containing
these residues at active sites (Rosen, 2002).

2

1.1.4 Mechanisms of Arsenic Resistance in Living Organisms
Throughout the world, there are many environments containing very high amounts of
arsenic. However, many organisms can survive in such sites, including bacteria, algae,
plants and animals (Silver and Misra, 1984; Tamaki and Frankenberger, 1992).
Obviously, these organisms have evolved mechanisms to resist the harmful effects of
arsenical compounds. The most common arsenic resistance mechanisms include: 1).
Converting stable arsenic species into gaseous species (archaea, bacteria) (Tamaki and
Frankenberger, 1992); 2). Methylating the inorganic arsenic to less toxic forms such as
organo-arsenicals (bacteria, animals and plants) (Wu et al., 2002); 3). Binding arsenic
with chelators such as glutathione to reduce its binding capacity with proteins (yeasts
and plants) (Schmoger et al., 2000); and 4). Pumping arsenic out of the cells or into
vacuoles through arsenic transporters (bacteria, yeasts and plants) (Rosen, 1999).

Microorganisms have been found to be able to cope with the toxicity of arsenic, and
some can even benefit from the presence of arsenic (Jackson et al., 2003). For instance,
it has been discovered that some microorganisms can utilize arsenate as a terminal
electron acceptor in anaerobic respiration, while some others are able to use arsenite as
an electron donor for chemoautotrophic growth (Jackson et al., 2003). However, most
microorganisms are capable of resisting the toxic effects of arsenic by minimizing the
amount of arsenic that enters the cells through increasing the specificity of phosphate
uptake (Cervantes et al., 1994), by arsenite oxidation to produce the less toxic arsenate
through the activity of arsenite oxidase or peroxidation reactions with membrane lipids,
and/or by efflux mechanism, which is the most well-characterized microbial arsenic
detoxification pathway (Jackson et al., 2003).

1.2 EFFLUX MECHANISMS OF ARSENIC RESISTANCE
IN MICROORGANISMS
As Figure 1.1 shows, arsenate is transported into bacterial and yeast cells as oxyanions
comparable to those of phosphate by phosphate transport membrane systems, for
3

example the Pit and Pst systems of Escherichia coli and Pho87p of Saccharomyces
cerevisiae; while arsenite enter cells at neutral pH by aqua-glyceroporins (glycerol
transport proteins), for instance, GlpF and Fps1p for E. coli and S. cerevisiae,
respectively (Mukhopadhyay et al., 2002). As arsenic is toxic to cells, many microbes
possess genes that specifically confer resistance to inorganic arsenic, including both
arsenate (As(V)) and arsenite (As(III)). For example, in E. coli, arsenate is reduced to
arsenite by the small cytoplasmic arsenate reductase (the product of the arsC gene), then
arsenite is pumped out by either ArsB (an integral membrane protein, the product of the
arsB gene) or a two-component ATPase complex, which is composed of ArsA (a
soluble ATPase subunit, the product of the arsA gene) and ArsB (Chen et al., 1986;
Carlin et al., 1995). In Bacillus subtilis SKIN (sigK intervening) element, another
protein-YqcL was found to have a similar function to ArsB, which pumps arsenite out
of the cells (Sato and Kobayashi, 1998). In S. cerevisiae, there are two major ways to
resist arsenic: 1). Arsenate is reduced to arsenite by Arr2p (equivalent to the bacterial
ArsC) and then pumped out by Arr3p (a membrane efflux protein functionally similar to
ArsB); 2). As(III) is transferred to As(GS)3 and pumped from the cytoplasm into the
vacuole by another yeast protein, Ycf1p, which is an ABC (ATP binding cassette)
ATPase located in the vacuolar membrane (Mukhopadhyay et al., 2002).
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Figure 1.1 Illustration of arsenite and arsenate transport systems in bacteria and yeast. Arsenate is
transported into cells by Pit (a potential-coupled phosphate uptake transporter) or Pst (an ATP-coupled
phosphate uptake system, which is composed of PstB, PstC and PhoS) in bacteria and by Pho87p in yeast;
while arsenite enters cells through the glycerol transport proteins (GlpF or Fps1p). Arsenate is reduced to
arsenite by ArsC or Arr2p, the cytoplasmic arsenate reductases, and arsenite is then pumped out of the
cells by the potential-driven membrane arsenite efflux proteins, ArsB (sometimes coupled with ArsA to
form an ATPase), YqcL or Arr3p. Arsenite can also associate with GSH (glutathione) and be transported
into the yeast cell vacuole compartment by Ycf1p, the As(III)-3GSH adduct carrier. Adapted from
Mukhopadhyay et al. (2002).

1.2.1 Various Arrangements of Arsenical Resistance (ars) Operons in
Bacteria
Resistance to arsenical compounds in bacteria by efflux is determined by the ars
(arsenic resistance) operons, which are located on the plasmid or chromosome. Three
prototype ars operons have been well documented and these are the three- (arsRBC),
four- (arsRBCH) and five- (arsRDABC) gene arsenic resistance determinants, although
other types of ars operons have also been described (Ryan and Colleran, 2002). Table
1.1 shows the molecularly characterized ars operons, and in Figure 1.2, the various
arrangements of arsenic resistance genes are illustrated. The ars operon on the plasmid
5

pR773 of E. coli was the first sequenced and is the most thoroughly studied ars system.
It has five genes, arsR, arsD, arsA, arsB and arsC, which are co-transcribed from a
single operator/promoter (O/P) site (Chen et al., 1986). This type of five-gene operon
has also been found on plasmids of some other Gram-negative bacteria, such as E. coli
pR46 and Acidiphilium multivorum pKW301. The next best-studied arsenic resistance
systems are the three-gene arsRBC operons found on plasmids of Gram-positive
bacteria, such as Staphylococcus aureus (pI258) and Staphylococcus xylosus (pSX267),
and on the chromosomes of Escherichia coli, Pseudomonas aeruginosa and
Pseudomonas fluorescens, although the plasmid-borne arsRBC operons share low
identities with the chromosome-borne ones. A third type of ars operons have been
found on the chromosome of Acidithiobacillus ferrooxidans and plasmids of Yersiniae
enterocolitica (pYV) and Serratia marcescens (pR478), in which another ars gene arsH exists. Other types of arsenic resistance operons have also been identified, for
instance, on the plasmid pNRC100 of archaeal Halobacterium sp. strain NRC-1, there
are four genes, but the arsDA organized divergently from downstream arsRC (Ng et al.,
2000); Bacillus subtilis SKIN element has an unknown gene (orf2) between arsR and
arsB (yqcL). Apart from these, a search for ars genes in Genbank reveals a greater
number of putative ars genes in bacteria and archaea, and the organizations are of even
more variety. This indicates that the ars operon system is a ubiquitous mechanism by
which microorganisms resist the toxic effects of arsenic.
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Table 1.1 Bacterial ars operons that have been characterized at molecular level.
Bacteria

Gram
staining
-

Operon
location
pKW301

Structure

Reference

Accession No.

arsRDABC

Suzuki et al.,
1998

AB004659

Escherichia coli

-

pR773

arsRDABC

Chen et al., 1986

J02591

Escherichia coli

-

pR46

arsRDABC

Bruhn et al.,
1996

U38947

Escherichia coli

-

Chromosome

arsRBC

Carlin et al.,
1995

X80057

Pseudomonas
aeruginosa

-

Chromosome

arsRBC

Cai et al., 1998

AF010234

Pseudomonas
fluorescens

-

Chromosome

arsRBC

Prithivirajsingh
et al., 2001

AF047036

Staphylococcus
aureus

+

pI258

arsRBC

Ji and Silver,
1992b

M86824

Staphylococcus
xylosus

+

pSX267

arsRBC

Rosenstein et al.,
1992

M80565

Acidithiobacillus
caldus

-

Chromosome

arsHBRC

Dopson et al.,
2001

/

Acidithiobacillus
ferrooxidans

-

Chromosome

arsCRBH

Butcher et al.,
2000

AF173880

Serratia
marcescens

-

pR478

arsRBCH

Ryan and
Colleran, 2002

AJ288983

Yersiniae
enterocolitica

-

pYV

arsHRBC

Neyt et al., 1997

U58366

Acidithiobacillus
caldus

-

Transposon

arsDADA…B

Groot et al.,
2003

/

pNRC100

arsDARC

Ng et al., 1998

AF016485

SKIN element

arsR(orf2)BC

Sato and
Kobayashi, 1998

D84432

Acidiphilium
multivorum

Archeal
Halobacterium sp.
strain NRC-1
Bacillus subtilis

+
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Bacillus subtilis SKIN element
O/P
arsR

orf2

arsB(yqcL)

arsC

Staphylococcus aureus pI258
O/P
arsR

arsB

arsC

arsR

arsB

arsC

arsB

arsC

Escherichia coli chromosome
O/P

Escherichia coli pR773
O/P
arsR

arsD

arsA

Archeal Halobacterium pNRC100
arsA

Yersiniae Yop pYV

O/P

arsD

arsR

arsC

O/P

arsH

arsR

Acidithiobacillus ferrooxidans
arsH

arsB

arsC

O/P
arsB

arsR

arsC

Figure 1.2 Various genes and arrangements of ars operons. Yellow box: O/P, operator/promoter sites of
repressor regulation and initiation of mRNA synthesis. Adapted from Silver et al. (2002).
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1.2.2 Regulation of ars Operons
Most of the knowledge about regulation of ars operons has come from studies with
pR773 of E. coli. Expression of the ars operon on pR773 was found to be regulated by
arsenic, antimony and bismuth (Silver et al., 1981; San Francisco et al., 1990). The
region in the operon required for regulatory activity has been shown to contain a single
promoter sequence and two regulatory genes, arsR and arsD (Wu and Rosen, 1991;
Tsai et al., 1997).

1.2.2.1 ArsR: Trans-acting regulatory protein
ArsR is around 13-kDa, and is a trans-acting regulatory protein (Wu and Rosen, 1991).
Wu and Rosen (1993) demonstrated that the E. coli pR773 ArsR functioned as a dimer
and bound to the operator site of the operon with high affinity, thus repressing the
transcription of the operon in the absence of inducer; while in the presence of an inducer
such as arsenite and antimonite, the ArsR protein was bound by the inducer and
dissociated from the operator, thus allowing transcription to start.

It has been found that there is an imperfectly symmetrical dyad sequence of 5 bp in each
segment in the ArsR-protected DNA sequence of pR773 ars operon, which was
assumed to be important for repressor recognition and binding (Wu and Rosen, 1993b).
In the ars operons of plasmid pI258 of S. aureus, pSX267 of S. xylosus and the B.
subtilis SKIN element, symmetrical dyad sequences have also been found within the
promoter region involving DNA-protein recognition and binding (Ji and Silver, 1992b;
Rosenstein et al., 1994; Sato and Kobayashi, 1998).

Through DNase I footprint analysis, it has been found that the ArsR binding site spans
the region from nucleotides (nt) –64 to –40 of the pR773 ars operon (Wu and Rosen,
1993b); while Xu et al. (1996) reported that it spanned nt –64 to –31 of the
chromosomal operon of E. coli. Nevertheless, in both operons, ArsR binds to the same
specific bases, TCAT-N7-TTTG (Figure 1.3), and these two ArsR proteins were found
9

to be interchangeable as they could bind to each other’s promoter. These two proteins
are 25% dissimilar and their promoter regions contain significant differences in
sequence and placement of the regulatory elements (Xu et al., 1996). The same method
was used to identify the homologous ars repressor from the Gram-positive
Staphylococcal pSX267 (Rosenstein et al., 1994); however, no region that contains the
TCATN7TTTG consensus binding site was found, suggesting that it is a Gram-negative
consensus sequence.

mRNA

A

ArsR

TGTGATTAATCATATGCGTTTTTGGTTATGTGTTGTTTGACTTAATATCAGAGCCGAGATACTTGTTTTCTACAAAGGAGAGGGAAATG

ArsR binding

-35

-10

SD

ArsR

B

mRNA
CTGCACTTACACATTCGTTAAGTCATATATGTTTTTGAGTTATCCGCTTCGAAGAGAGACACTACCTGCAACAATCAGGAGCGCAATATG

ArsR binding

-35

-10

SD

Figure 1.3 Regulatory regions of the pR773 and chromosomal ars operons in E. coli. A. Promoter region
of the pR773 ars operon. B. Promoter region of the chromosomal ars operon. The ArsR binding sites are
highlighted in grey, and the contact points between ArsR repressor and DNA are enclosed in boxes. The
presumed –10 and –35 promoter elements and the most likely Shine-Dalgarno sequence sites are
underlined. The start site of mRNA and the initiate site of ArsR are indicated by arrows. For figure A, the
imperfectly symmetrical dyad sequence is indicated. Adapted from Wu and Rosen (1993) and Xu et al.
(1996).

A highly conserved putative helix-turn-helix DNA-binding motif (ELCVCDL) in the
pR773 ArsR protein identifies it as belonging to the ArsR family (Shi et al., 1994). In a
further study, Shi et al. (1996) proposed a model for the arsenic-ArsR complex in which
As(III) was bound in a cage formed by the three cysteine thiolates at residues 32, 34,
and 37 (Figure 1.4). Shi et al. (1996) also indicated that even though all the three
cysteine thiolates were arsenic ligands, arsenite only interacted with two of them, the
Cys-32 and Cys-34 thiolates, to change the conformation of ArsR, thus resulting in
dissociation of the repressor from the DNA.
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Figure 1.4 Model for arsenic-ArsR complex. In the absence of inducer, the pR773 ArsR protein binds to
the operator/promoter region through a helix-turn-helix domain, repressing transcription of the ars operon.
In the presence of arsenite, Cys-32 and Cys-34 are bound by arsenite, hence the conformation of DNAbinding domain is changed and the interaction between ArsR and operator is reduced. As(III) is bound in
a pyramidal cage formed by the three thiolates of Cys-32, Cys-34 and Cys-37 (Shi et al., 1996).

1.2.2.2 ArsD: Second regulatory protein
Similar to ArsR, ArsD is around 13-kDa and acts as a regulatory protein as well, but it
shares no sequence similarity with ArsR (Wu and Rosen, 1993a). It was previously
reported that the pR773 ArsD protein was an inducer-independent trans-acting
regulatory protein (Wu and Rosen, 1993a), but later Chen and Rosen (1997)
demonstrated that ArsD could be induced by higher concentration of sodium arsenite
(100 μM) compared with ArsR induced by 10 μM sodium arsenite. They also indicated
that the pR773 ArsD bound to the same site on the ars promoter element as ArsR did,
but with 2 orders of magnitude lower affinity, which means ArsR will bind to the ars
promoter preferentially (Chen and Rosen, 1997).
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Like other soft metal regulators, ArsD also has vicinal pairs of cysteine residues
involving in coordinating with the metalloid. It was demonstrated that the pR773 ArsD
bound to the promoter as a homodimer, repressing the expression of the ars genes. The
dimeric repressor contains four independent inducer-binding domains, two in each
subunit, and each monomer has two vicinal cysteine pairs, Cys12-Cys13 and Cys112Cys113 to coordinate with metalloids. When the cysteines are bound by inducers, the
conformation of the repressor changes, thus reducing the affinity of ArsD for DNA, and
when all the four sites are bound, ArsD dissociates from the operon (arsRDABC), as
illustrated in Figure 1.5 (Li et al., 2001).

Furthermore, Li et al. (2002) revealed that Sb(III) was a better inducer than As(III) for
ArsD; the binding of Sb(III) to the four binding sites occurs sequentially and As(III) can
displace Sb(III) at the fast exchange site - Cys113. Since these binding sites are
cooperative, and ArsD can bind to metalloids very tightly, it was presumed that ArsD
might also act as a chaperone to deliver the free toxic metalloids within the cytoplasm to
the pump, aside from performing as an upper level repressor (Li et al., 2002).
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Figure 1.5 Model of inducerbinding domains of the pR773
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1.2.2.3 ArsR-ArsD metalloregulatory circuit model
As discussed above, both ArsR and ArsD are metalloid induced repressors. However,
they regulate the different levels of expression of the arsRDABC operon on pR773.
While ArsR controls the basal level of ars operon expression and also regulates from
“off” to “on”, ArsD functions as a “molecular throttle control” on the upper level of
expression (Silver et al., 2002).

As illustrated in Figure 1.6, the expression of ars genes is maintained within a narrow
range by a homeostatic regulatory circuit formed by both ArsR and ArsD repressors. In
the absence of an inducer, constitutively expressed ArsR repressor dimerizes and binds
to the ars operator, thereby, blocking the RNA polymerase binding to the promoter of
ars operon and suppressing transcription. Upon induction, ArsR binds to the inducer
and dissociates from the DNA strand, so ars operon starts transcription (Shi et al., 1996).
As ArsD is produced along with ArsA, ArsB, ArsC, when the amount of ArsD reaches a
critical level, the ArsD protein will bind to the operator to stop transcription, thus
avoiding overexpression of ArsB that was found to be toxic to the cells (San Francisco
et al., 1989). Since the affinity of ArsD for the inducer is less than that of ArsR, the
relatively low level of inducer present in the cell would not prevent its binding to the
DNA. However, if a higher concentration of inducer is present, the ArsD would
dissociate from the DNA, resulting in a further expression of the ars genes (Chen and
Rosen, 1997).
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ArsR ArsR
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-35
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arsB

arsC
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ArsR
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High As (III)
Transcription
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Operator

-35

-10

arsR arsD

arsA
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arsC

ArsD ArsD
As(III)

Figure 1.6 Model of the metalloregulatory circuit composed of ArsR and ArsD. (A). In the absence of
As(III), ArsR binds to the operator site of the ars operon, repressing the transcription. (B). In the presence
of low concentration of As(III), ArsR-As(III) complex dissociates from the DNA, resulting in the
transcription of the ars operon. (C). When the concentration of ArsD increases sufficiently, the operator is
bound by ArsD and the transcription is repressed again. (D). In the presence of high concentrations of
As(III), ArsD-As(III) complex dissociates from the DNA and transcription starts again (Chen and Rosen,
1997).

1.2.3 ars Anion-translocating Proteins
Resistance to arsenical and antimonial compounds in bacterial cells is mediated by the
extrusion of oxyanions of As(III) or Sb(III) from the cells. In the three-gene ars operons
(arsRBC), such as the chromosomal ars operon of E. coli and ars operons of plasmids
pI258 and pSX267, in which the arsA gene is lacking, ArsB (the product of arsB gene)
acts as an ATP-independent secondary carrier protein and extrudes metalloid oxyanions
out of the cells using electrochemical energy (Kuroda et al., 1997); while in the fivegene ars operons (arsRDABC), such as the ars operon of plasmids pR773 and pR46, an
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obligatorily ATP-coupled primary pump which is composed of the catalytic ArsA
protein and the intrinsic membrane protein (ArsB), catalyzes extrusion of metalloid
oxyanions from the cells (Dey et al., 1994; Dey and Rosen, 1995), as illustrated in
Figure 1.7. It is possible that the ArsA-ArsB transporter complex is a more efficient
system, since if ArsB functions as an electrophoretic anion transporter, it is limited to
extruding substrate only to the equilibrium potential. In contrast, the ATP-coupled pump
can maintain low ion concentration in the cytosol independent of the external
concentration (Tsai et al., 1997).

Figure

1.7

Two

different

mechanisms

of

Ars

transporters. In the absence of ArsA, ArsB acts as a
uniporter, transporting arsenite with energy derived
from the proton-pumping respiratory chain. In the
presence of ArsA, the ArsA-ArsB complex pumps the
arsenic ions out of the cells using the energy of ATP.
(Kuroda et al., 1997).

1.2.3.1 ArsB: Integral membrane protein
To date, two unrelated families of arsenite-translocating carriers have been identified. In
majority of bacteria, such as E. coli, they are named ArsB, which is about 45-kDa and
has 12 membrane-spanning regions with five cytoplasmic and six periplasmic loops. As
Figure 1.8 shows, three (C1, C3 and C4) of the five cytoplasmic loops have a net
positive charge, which may serve as cytoplasmic anchors for membrane-spanning
regions (Wu et al., 1992). Another arsenite-resistance membrane protein family, Arr3p,
was found in some other bacteria, archaea and fungi (Rosen, 2002). It was reported that
in Saccharomyces cerevisiae, three contiguous genes ARR1, ARR2 and ARR3
(previously called ACR1, ACR2 and ACR3) were involved in arsenic resistance, and in
which, ARR3 encoded a plasma membrane arsenite-efflux transporter, which had 10
membrane-spanning segments instead of twelve (Bobrowicz et al., 1997; Wysocki and
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Bobrowicz, 1997). Another representative of Arr3p family, YqcL, was identified in the
ars operon of B. subtilis SKIN element, which also encodes a membrane protein that
has only 10 membrane-spanning regions (Sato and Kobayashi, 1998). Interestingly,
both Arr3p and YqcL were reported not to transport antimonite, but specifically
transport arsenite (Bobrowicz et al., 1997; Sato and Kobayashi, 1998).

Figure 1.8 Topological structure of the ArsB transport protein. The ArsB protein contains 12 membranespanning α-helices joined by six periplasmic loops (P1-P6) and five cytoplasmic loops (C1-C5). The
positively and negatively charged residues are indicated with diamond- and square-shaped symbols,
respectively (Wu et al., 1992).

Another noteworthy feature about ArsB is its low level expression compared to ArsA
and ArsC. Although most ars operons are transcribed as a single unit in which arsB
gene is between arsA and arsC, the amounts of ArsB protein synthesized are only a
fraction of the ArsA and ArsC proteins. northern blot analysis showed that the ars
operon on pR773 was transcribed initially as a full-length 4400-nucleotide RNA, but the
transcript was cleaved within the arsB sequence and rapidly degraded to two fragments,
a 2700-nucleotide RNA containing the arsR and arsA sequences and a 500-nucleotide
RNA containing the arsC sequence (Owolabi and Rosen, 1990). Additionally, it was
also reported that the possible formation of a stable hairpin beginning with the third
codon of the arsB coding sequence and the unusual leucine codon at the second codon
might cause pausing of the ribosome at the start of the arsB and thus make the RNA
susceptible to endonuclease attack. The unfavorable factors at both the transcriptional
and translational levels could be responsible for the low production of the ArsB protein
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(Dou et al., 1992). However, this might also be a protective mechanism for the cells,
because high amounts of membrane proteins are toxic to the cells (Wu et al., 1992).

1.2.3.2 ArsA: Oxyanion-stimulated ATPase
The pR773 ArsA is around 63-kDa and functions as the catalytic subunit of the ars
anion-translocating ATPase. When expressed at high levels, ArsA is found
predominately as a soluble protein in the cytosol (Bhattacharjee and Rosen, 1996), and
has distinct binding sites for its substrate - ATP and effector - As(III) or Sb(III) (Hsu
and Rosen, 1989).

ArsA consists of two homologous halves, the N-terminal A1 domain and C-terminal A2
domain, which are connected by a flexible linker peptide (Figure 1.9) (Ramaswamy and
Kaur, 1998). ArsA has three types of domains that contribute to its catalytic and
regulatory properties. First, it has two nucleotide binding domains (NBDs), which are
folded structures containing a consensus sequence (GKGGVGKT) from both A1 and
A2 for ATP binding (Li et al., 1996). Second, it has a single metalloid-binding domain
(MBD) containing three cysteine residues Cys-113, Cys-172 and Cys-422, two histidine
residues (His-148 and His-453) and one Ser-420 (Zhou et al., 2000), which is an
allosteric site at the opposite end of the protein from NBDs. Additionally, both A1 and
A2 domains have a signal transduction domain containing a 12-residues consensus
sequence (DTAPGHTIRLL), termed as DTAP, which physically links the NBDs to the
MBD, thus allowing metalloid binding at the MBD to alter the affinity and rate of
hydrolysis of ATP at the NBDs (Bhattacharjee et al., 2000; Rosen, 2002).
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Figure 1.9 Illustration of structure of ArsA and allosteric activation of ArsA by As(III). The NBD, MBD
and DTAP domains are indicated. In the absence of As(III), only the A1 NBD binds ATP and exhibits
unisite catalysis; while in the presence of As(III), three As atoms are bound by the MBD, thus bringing
the two halves of ArsA together, and the ArsA exerts multisite catalysis (Rosen, 2002).

Transient kinetic experiments and crystal structure studies have been conducted to
define the mechanism of allosteric activation of ArsA. As illustrated in Figure 1.9, ArsA
exhibits both unisite and multisite catalysis (Zhou et al., 2002). Since the A1 site of
NBDs in ArsA is a high affinity ATP site, it can bind to ATP in the absence of arsenite
or antimonite and catalyse ATP hydrolysis at a limiting rate. When As(III) or Sb(III) is
present, it was found that three As or Sb atoms ligated to the six active residues of MBD,
with each atom coordinated to one residue in the A1 domain and one in the A2 domain.
Thus, binding of As(III) or Sb(III) brings the A1 and A2 halves of the protein tightly
together and facilitates formation of an interface of the two nucleotide binding sites
(Silver et al., 2002). It was reported that the rate of the conformational change of ArsA
was increased 100-fold (Walmsley et al., 2001), and hence, the catalysis of ATPase
hydrolysis was accelerated significantly.

1.2.4 ArsC: Arsenate Reductase
Arsenate is likely to be the most common form of arsenic in many environments,
because it is the thermodynamically favorable form of arsenic under aerobic conditions
(Jackson and Dugas, 2003). However, the arsenate anion is not a substrate of the ArsB
protein, it has to be reduced to arsenite prior to extrusion from the cells. It is not clear
why there are no arsenate-specific efflux systems. It is perhaps because arsenate is
structurally similar to phosphate, an arsenate-specific tunnel would lead to a leakage of
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phosphate from the cell (Nies and Silver, 1995). It has also been speculated that it was
an accident of evolution. Early organisms might have evolved mechanisms to resist the
toxicity of arsenite when arsenite was the predominant form of arsenic. Once the
atmosphere became oxidizing, arsenite was oxidized to arsenate, so a phosphatase with
arsenate reductase activity could have been selected, giving a capacity to coordinate
with the existing arsenite extrusion systems for coping with arsenate (Rosen, 2002).

So far, two distinct and unrelated families of arsenate reductase proteins have been
identified in prokaryotes, but both of them are small cytoplasmic proteins that utilize
oxidized/reduced cysteine thiol cycling to reduce arsenate (As(V)) to arsenite (As(III))
(Silver et al., 2002). The ArsCec family, represented by the E. coli pR773 ArsC, uses
glutathione (GSH) and glutaredoxin (Grx) as electron sources (Shi et al., 1999). In
contrast, the ArsCsa family, represented by the S. aureus pI258 ArsC, uses thioredoxin
as an electron source (Ji and Silver, 1992a).

While the sequence homology between ArsC proteins within each family is usually as
high as 60-91%, it is less than 15% between those of different families (Silver et al.,
2002). In addition, there are other differences between the two families of ArsC. The
pR773 ArsC has only one cysteine residue (Cys-12) involved in arsenate reduction;
while pI258 ArsC has three cysteine residues (Cys-10, Cys-82 and Cys-89),
participating in the arsenate reduction (Figure 1.10) (Mukhopadhyay et al., 2002).
Furthermore, pI258 arsenate reductase is related to the low-molecular-weight protein
tyrosine phosphate phosphatase and exhibits low-level phosphatase activity. Therefore,
phosphate and nitrate can stimulate its activity, while arsenite, antimonite and tellurite
are inhibitors of pI258 ArsC. In contrast, phosphate, sulfate and arsenite are competitive
inhibitors of E. coli ArsC (Silver et al., 2002). All this evidence shows that the two
families of ArsC are unrelated and might have evolved independently.
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Figure 1.10 Comparison of the proposed pathways of arsenate reduction by (A) glutaredoxin coupled
arsenate reductase (pR773 ArsC of ArsCec family) and (B) thioredoxin coupled arsenate reductase (pI258
ArsC of ArsCsa family). H3AsO4: arsenate; As(OH)3: arsenite; Grx-SH: reduced glutathione; GrxS-SG:
S-S bridged oxidized dimer of glutathione; HS-Trx-SH: reduced thioredoxin; Trx-S-S: oxidized
thioredoxin (Mukhopadhyay et al., 2002).
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1.2.5 ArsH: Unknown Protein
Recently, another ars gene - arsH, was identified in three ars operons, present in pYV
of Yersiniae enterocolitica (Neyt et al., 1997), the chromosome of Acidithiobacillus
ferrooxidans (Butcher et al., 2000) and in pR478 of Serratia marcescens (Ryan and
Colleran, 2002). So far, no signal sequences or other known motifs or domains have
been found in these ArsH proteins. Neyt et al. (1997) has demonstrated that arsH was
essential for arsenic resistance in Y. enterocolitica. Ryan and Colleran (2002) also found
that removal of the arsH gene from pR478 of S. marcescens resulted in a total loss of
resistance to arsenic. However, Butcher et al. (2000) reported that the A. ferrooxidans
arsH-like gene was not required for resistance to arsenite, arsenate, or antimony when it
was expressed in an E. coli in vitro transcription-translation system, although the arsH
gene is probably to have an effect on arsenic resistance in A. ferrooxidans. Since the
arsH-containing ars operons can confer high level arsenic resistance, and either arsH
itself or together with arsB can separately be transcribed as a transcriptional unit, Ryan
and Colleran (2002) suggested that ArsH might act as a secondary regulator like ArsD
either for controlling a particular gene such as arsB or acting as a binding site for
another regulatory protein to control the entire operon.

1.3 A NOVEL ARSENIC RESISTANCE GENE CLUSTER
IN Sinorhizobium sp.
Arsenicals were extensively used in Australia during early 1900s for killing cattle ticks,
which have threatened the Australian beef and dairy industry. As a result, many cattledip sites have been left heavily contaminated with arsenic (McLaren et al., 1998). As
part of a survey on the plant and microbe flora in these sites, five soil bacterial strains
(As3, 4, 8, 9 and 10) were isolated from cattle-dip sites in Northern NSW, Australia.
One of them, identified as Sinorhizobium sp. (As4), showed the highest resistance to
arsenic. It can grow normally at an arsenate concentration as high as 12 mM while this
level of arsenic completely inhibited the growth of the other four bacteria and E. coli
strain DH5α that is known to possess an arsRBC operon on its chromosome (Figure
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1.11). Even more strikingly, Sinorhizobium sp. (As4) could grow normally on LB agar
containing 200 mM arsenate, an almost saturated concentration (Xu, personal

Growth rate

communication).
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Figure 1.11 Growth comparison of five bacterial strains under stress of different concentrations of
arsenate. As3: Arthrobacter sp.; As4: Sinorhizobium sp.; As8: Ochrobactrum sp.; As9: Bacillus sp.;
DH5α: E. coli (Xu et al., unpublished).

1.3.1 General Features of the As4 ars Gene Cluster
1.3.1.1 Structure of the As4 ars gene cluster
The genetic determinant for arsenic resistance cloned from Sinorhizobium sp. was
designated as As4 ars gene cluster (Xu, personal communication). Compiling the still
incomplete sequence data, a 5,810 bp nucleotide sequence of this gene cluster has been
obtained. Although it is still not clear totally how many genes exist in this cluster, it
does contain five intact open reading frames which share homologies with the arsR,
arsB, arsC, arsD and arsA genes and a trxB gene coding for thioredoxin reductase.
Downstream of trxB, there may be another gene, but its full sequence has yet to be
obtained. Figure 1.12 illustrates the structure of the As4 ars gene cluster, and it shows
that the ars gene order is arsRBCDA, instead of arsRDABC in the well-characterized
ars operon on pR773.
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ATTAAATATGAACCATTTAATGAATATTACGTTTAATTTTTACTCAACATATAAGTATATGCTTATGCAATTATGAAAAGGAGGTATAGATATG

Inverted repeat

-35

-10

arsR “arsB” arsC arsD

arsA

trxB

Unknown gene

GGAGAATAATTGAAAACTAAATATTTGTAGCCGAGAATCTTTTTCTCGGCTTCTTTTGTAAAGAAGGGAA

Inverted repeat
Figure 1.12 The structure of As4 ars gene cluster. The six full ORFs, one incomplete ORF and putative
transcription regulatory signals are indicated (Wang, 2001).

1.3.1.2 Comparison of the As4 Ars proteins to their homologs
The first open reading frame (ORF) of the As4 ars gene cluster encodes a protein of
115 amino acids that is homologous to ArsR regulatory protein. As shown in Table 1.2,
it shares higher identity with Gram-positive counterparts than Gram-negative ones, for
example, 42.3% with the ArsR of Bacillus subtilis SKIN element, but only 33.0% with
that of E. coli pR773.

The second ORF encoded protein (“ArsB”) contains 352 amino acids and it shares the
highest identity with the YqcL protein of Bacillus subtilis SKIN element (87%). In
contrast, it only shares limited identity with other well-studied ArsB proteins, for
instance, 19.3% with the ArsB of S. aureus pI258 and 22.3% of E. coli pR773 (Table
1.2). Moreover, previous study found that As4 had no resistance to antimonite (Wang,
2001). This suggests the “ArsB” protein of As4 may be a new member of Arr3p family.
However, previous study showed that this “ArsB” protein could couple with an ArsA
homologous protein (Xu, personal communication), which is different from the other
two proteins from Arr3p family.

The third ORF encodes an ArsC homolog, which has 134 amino acids. It shares high
identity (70.1%) with the ArsCsa of pI258, while 20.5% identity with the ArsCec of
pR773 (Table1.2). This suggests that ArsC of As4 may be a member of ArsCsa family.
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The fourth ORF encodes an ArsD homolog, which has 120 amino acids. Its amino acid
sequence is 39.5%, 35.0%, 37.6% and 34.6% identical to the ArsD proteins from E. coli
plasmids pR46, pR773, Acidiphilium multivorum AIU 301 plasmid pKW301 and
Halobacterium plasmid pNRC100, respectively (Table 1.2).

The fifth ORF encodes a protein containing 588 residues. It shares 50.4%, 49.4%,
49.7% and 34.2% identities with the ArsA proteins from E. coli pR773, pR46, A.
multivorum pKW301 and H. pNRC100, respectively (Table 1.2).

Only 23 bp downstream of the arsA gene, there is the sixth ORF that encodes a
homolog of thioredoxin reductase (TrxB). TrxB is a member of the flavoprotein
pyridine nucleotide-disulfide oxidoreductase family. It can catalyse the NADPHdependent reduction of the active site disulfide in thioredoxin. As there are no obvious
transcriptional termination sites behind the arsA gene nor an evident promoter in front
of the trxB gene, it is suggested that the trxB gene may be part of the As4 ars gene
cluster.

Table 1.2 Amino acid sequence identities between the As4 Ars proteins and other
bacterial Ars proteins
Source
Archeal Halobacterium pNRC100
A. multivorum pKW301
E. coli pR773
E. coli pR46
B. subtilis SKIN element
S. aureus pI258

Gram-staining
+

ArsR
29.2%
25.2%
33.0%
32.1%
42.3%

+

40.6%

ArsB
/
21.0%
22.3%
20.4%
87.1%
(YqcL)
19.3%

ArsC
22.9%
28.1%
20.5%
23.5%
75.2%

ArsD
34.6%
37.6%
35.0%
39.5%
/

ArsA
34.2%
49.7%
50.4%
49.4%
/

70.1%

/

/

Identities were analyzed with “Bestfit” program (GCG)(Henikoff and Henikoff, 1992).
Gap creation penalty = 5, Gap extension penalty = 1. “/” indicates that the gene is absent from the
corresponding ars operon.

1.3.1.3 Function of the As4 ars gene cluster in E. coli
Previous functional studies (Xu, personal communication) showed that the As4 ars
genes could confer elevated arsenic resistance when they were cloned into laboratory E.
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coli strains. It was found that the pZX4 plasmid (containing arsRBCDATΔ) conferred a
higher resistance compared to pZX1 (only containing arsRBCΔ) (Figure 1.13). In
addition, pZX10 (only containing arsDA) showed an arsenite resistance similar to that
of pZX4 (Xu, personal communication). This suggests that the arsDA genes may
express in E. coli and function coordinately with the host chromosomal ars operon.
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Growth rate

0.80

DH5a/pZX1
DH5a/pControl
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DH5a

0.40
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0.00
0
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6
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10

Concentration of arsenate (mM)
Figure 1.13 Growth comparison of E. coli DH5α cells bearing different plasmids under stress of
different concentrations of arsenate (Xu et al., unpublished).

1.3.2 Regulation of the As4 ars Gene Cluster
From the nucleotide sequence and homology analysis of the As4 ars gene cluster, two
regulatory genes, arsR and arsD, were identified. On the upstream side of arsR, there is
a sequence about 600 bp in which no open reading frame longer than 50 amino acids
has been detected (Xu, personal communication). Additionally, a symmetrical dyad
sequence with 7 bp in each segment is located upstream of the putative –35 element of
the promoter and this may be a site for repressor recognition and binding (Figure 1.12).
However, the sequence TCATN7TTTG for repressor binding conserved in E. coli ars
operons was not found in this region, indicating the promoter/operator in front of arsR
in the As4 ars gene cluster may be different from others previously identified in Gramnegative ars operons (Xu et al., 1996).
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Interestingly, between arsC and arsD there is a 72 bp non-encoding region containing a
symmetrical dyad sequence with 9 bp in each segment, which is followed by a T-rich
region (Figure 1.12). This feature indicates a putative intrinsic transcriptional terminator
(Henkin, 2000). Two hypotheses regarding the regulatory function of this putative
transcriptional terminator have been proposed. It has been speculated that at low
concentration of arsenicals, the transcription would stop at the putative terminator, thus
only allowing arsRBC to be transcribed, since arsRBC could confer basal arsenic
resistance to the host cell; while in the presence of a higher concentration of arsenicals,
the transcription could "read through" the putative terminator to allow the arsDA
expressed together with arsRBC, thus conferring higher resistance to arsenicals (Xu,
personal communication). Another hypothesis is that the upstream part of the gene
cluster - arsRBC and the downstream part - arsDA and perhaps other downstream genes
(trxB and unknown genes) might transcribe separately as two sub-operons. While ArsR
regulates the expression of the first sub-operon, ArsD may bind to the operator before
arsD to control the expression of the second sub-operon (Wang, 2001).

In order to investigate the number and size of the transcripts for this As4 ars gene
cluster, a northern blot analysis was conducted. Although no hybridization signal was
detected in any of the Sinorhizobium As4 samples possibly due to the low transcription
level, a 1.9 kb RNA of about the arsRBC size instead of a large RNA of the whole
cluster size was detected in E. coli cells bearing pZX4 (high copy number plasmid) by a
1.2 kb DIG labeled arsRB probe when the cells were induced with arsenite for 30 min
(Figure 1.14, Wang, 2001). It seems to agree with the second hypothesis, but a definite
conclusion cannot be reached without further experiments. For example, only one probe
covering arsRB successfully detected the 1.9 kb transcript but probes covering the
downstream part of the gene cluster (e.g. arsDA or trxB) failed to produce meaningful
results (Wang, personal communication). Moreover, only a relatively low concentration
(0.1 mM) of arsenite was used to induce the gene expression. Therefore, it is not clear
whether the downstream part genes (arsDAtrxB) were transcribed as a second unit but
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were not detected, or they were not transcribed together with the arsRBC genes because
the concentration of inducer was too low to trigger the full cluster transcription
according to the first hypothesis. Other possibilities, such as RNA degradation, may
also exist. Actually from Figure 1.14 it can be observed that no band was detected when
the cells were exposed to arsenite for 120 min, which may be the consequence of the
instability of the RNA. Therefore, further work is needed to test the hypotheses.
A
arsR

arsB arsC

arsD

arsA

Unknown gene

trxB

1.2 kb Probe
1.9 kb

3.2 kb
C

B
1

2

3

4

1

2

3

4

DNA

23s rRNA
16s rRNA

6,583 bp
4,981 bp
3,638 bp
2,604 bp
1,908 bp
1,383 bp
995 bp
623 bp

1.9 Kb

281 bp

Figure 1.14 Northern blot analysis of the As4 ars cluster expression. Diagram of the As4 ars cluster
structure (A), photograph of the formaldehyde denaturing gel (B) and the photograph of developed film
after hybridisation (C). Lanes 1 to 3 are total RNA samples of E. coli AW3110/pZX4 control (not
induced), induced with 0.1 mM arsenite for 30 and 120 min, respectively. Lane 4 is RNA molecular size
marker. The size of mRNA detected was 1.9 instead of 5.1 kb (the possible full cluster size) (Wang,
2001).

Although two putative regulatory genes, arsR and arsD were predicted by homologous
analysis in this As4 ars gene cluster, their functions have not been determined
experimentally. The ArsR and ArsD proteins have been reported to form a regulatory
circuit with ArsR controlling the basal level and ArsD controlling the upper level of
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expression of the ars genes (Section 1.2.2.3). However, this coordinated regulation has
only been determined in pR773 ars operon so far. Therefore, it is very interesting to
study the function of ArsD in the As4 ars gene cluster, especially because As4 is able to
resist such high concentrations of arsenic and the ars gene cluster possesses some
unique features.

1.4 EXPERIMENTAL OBJECTIVES OF THIS STUDY
As mentioned above, the As4 ars gene cluster is novel since it has a unique gene
organization. It also contains some gene(s) that have not been found in other known
bacterial ars gene clusters and the regulatory mechanism is as yet unknown. It is a good
example to better understand the evolution, organization and regulation of arsenic
resistance genes in bacteria. Therefore, this study aims to further investigate the
regulatory mechanism of this ars gene cluster by:

-

Examining the activities of the putative promoter ParsR and promoter ParsD,
and identifying the regulatory functions of the ArsR and ArsD proteins by
constructing lacZ fusion plasmids and investigating the expression of lacZ in
the cells bearing these plasmids under different concentrations of inducer;

-

Determining whether the transcript can read through the putative
transcription terminator between arsC and arsD by utilizing RT-PCR
analysis. Since RT-PCR is more sensitive than northern blot analysis, it is a
good complementary approach to the northern blot analysis;

-

Predicting the role of the sequence features related to the regulation and
evolution of arsenic resistance genes by bioinformatic comparisons of the
As4 ars gene cluster with other ars operons especially those arsDAcontaining ones.
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Chapter 2: MATERIALS AND METHODS

2.1 BACTERIAL STRAINS AND PLASMIDS
Bacterial strains and plasmids used in this study are listed in Table 2.1 and 2.2, with
their relevant characteristics. Besides the common E. coli strains DH5α and JM109,
W3110 and AW3110 were also employed in the RT-PCR analysis, as AW3110 does
not contain the chromosomal arsRBC operon, which can ensure that the RT-PCR
analysis be done in a clean genetic background. E. coli and Sinorhizobium strains were
grown on Luria-Bertani (LB) agar or in LB liquid medium (Appendix 1). Depending on
the selection requirement, ampicillin, tetracycline, kanamycin or streptomycin was
added at a concentration of 100, 12.5, 50 or 50 µg/mL, respectively. Sinorhizobium
cultures were grown at 30°C and E. coli cultures at 37°C. Liquid cultures were shaken
at 150-250 rpm in a shaking incubator (Bioline, Australia).
Table 2.1 Bacterial strains used in this study
Bacterial Strains

Genotype or description

Reference or Source

E. coli DH5α

φ80dlacZ∆M15, recA1, endA1,
gyrA96, thi-1, hsdR17 (rk-,mk+),
supE44, relA1, eoR,
∆(lacZYA-argF) U169

Stratagene

E. coli JM109

recA1 , endA1, gyrA96, thi, hsdR17 Promega
(rk-, mk+), supE44, relA1,
∆(lac-proAB), [F’, traD36, proAB,
lacIqZ∆Μ15]

E. coli W3110

K-12 F-IN (rrnD-rrnE)

E. coli AW3110

K-12 F-IN (rrnD-rrnE) ∆ars::cam Carlin et al., (1995)
(arsRBC was deleted from W3110)

Sinorhizobium sp. (As4) Ampr, Kmr, Cmr, Strepr
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Gift from Dr. BP Rosen

Stock of Dr. Zhang’s
laboratory

Table 2.2 Plasmids used in this study
Plasmids

Description

Reference or source

pJKKmf(-)

Cloning vector (Kmr)

Kirschman and
Cramer, 1988

pGEM-T Easy

Cloning vector (Ampr)

Promega

pUJ8

lacZ reporter gene vector (Ampr)

Lorenzo et al., 1990

pZX1

A 2160 bp partial Sau3AI fragment containin Provided by Xu
As4 arsRB and part of arsC cloned
into pJKKmf(-) at BamHI site (Kmr)

pZX4

A 5225 bp partial Sau3AI fragment containin Provided by Xu
As4 arsRBCDA and part of trxB cloned
into pJKKmf(-) at BamHI site (Kmr)

pZX10

SmaI - EcoRV fragment containing arsRB Provided by Xu
and part of arsC removed from pZX4 (Kmr).

pZX11

PCR fragment of lacZ gene from pUJ8
fused to arsC of pZX1 (Kmr)

Provided by Xu

pZX12

PCR fragment of lacZ gene from pUJ8
fused to trxB of pZX4 (Kmr)

Provided by Xu

pZX13

PCR fragment of LacZ gene from pUJ8
fused to trxB of pZX10 (Kmr)

Provided by Xu

pZX14

SmaI- BamHI fragment containing
arsRBCD and part of arsA removed from
pZX12 (Kmr)

Provided by Xu

pCW11-T Easy

PCR fragment containing the As4 promoter This study
ParsR region and arsR ligated into pGEM-T
Easy vector at EcoRI / XbaI sites (Ampr)

pCW12-T Easy

PCR fragment containing the putative As4 This study
promoter ParsD region and arsD ligated into
pGEM –T Easy vector at EcoRI / XbaI sites
(Ampr)

pCW20-T Easy

PCR fragment containing the promoter ParsR This study
region and arsRBCD ligated into pGEM-T
Easy vector at EcoRI / XbaI sites (Ampr)
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Table 2.2 Plasmids used in this study (continued)
pCW11

PCR fragment containing the promoter ParsR This study
region and arsR ligated into pZX12, replacing
the original EcoRI-XbaI fragment containing
arsRBCDAT∆ (Kmr)

pCW12

PCR fragment containing the putative
promoter ParsD region and arsD ligated into
pZX12, replacing the original EcoRI-XbaI
fragment containing arsRBCDAT∆ (Kmr)

This study

pCW15

EcoRI-SacI fragment from pCW11,
containing the promoter ParsR region, arsR
and part of lacZ gene was ligated into pUJ8
(Ampr)

This study

pCW16

EcoRI-SacI fragment from pCW12,
This study
containing the putative promoter ParsD region,
arsD and part of lacZ gene ligated into
pUJ8 (Ampr)

pCW17

EcoRI-EcoRI fragment from pCW11-T Easy, This study
containing the promoter ParsR region and arsR
was ligated into pCW16. The orientation
of the promoter ParsR region and arsR
is opposite to the putative promoter ParsD
region and arsD (Ampr)

pCW19

EcoRI-XbaI fragment containing
the putative promoter ParsD region and arsD
deleted from pCW16 (Ampr)

This study

pCW20

NotI-XbaI fragment from pCW20-T Easy,
containing the promoter ParsR region and
arsRBCD genes was ligated with a
NotI-XbaI fragment from pCW15,
which was completely digested with
XbaI and partially digested with NotI (Ampr)

This study
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2.2 CONSTRUCTION OF REPORTER GENE PLASMIDS
In order to study the putative promoters before arsR, arsD and trxB, reporter gene
plasmids were constructed, as shown in Figure 2.1.

Plasmids (vector) digested with
appropriate restriction enzymes

PCR products amplified
from pZX4

Gel purification of desired
fragment (optional)

Digested the PCR products
or plasmids with appropriate
restriction enzymes

Ligation

Transformation of E. coli cells

Plasmid extraction from
transformant colonies and
digestion with restriction enzymes

Visualization on agarose gel to
confirm the constructed plasmids

Figure 2.1 A general flowchart for the construction of reporter gene plasmids.
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2.2.1 PCR Amplification
PCR amplifications were performed in volumes of 10 µL or more depending on
different situations. A typical reaction mix consisted of 1 unit of Taq (Promega), 1 µL
of PCR buffer (10X, Promega), 2 µL of dNTPs (2 mM), 0.5 µL of each primer (20 µM),
1 or 2 µL of DNA template (pZX4, 10 ng/µL), and nuclease-free water to a total
volume of 10 µL. The primers used for PCR amplification in this study are listed in
Table 2.3, and the locations of the primers relative to the ars genes in pZX4 are
indicated in Figure 2.2. The primers were synthesized by Sigma, and were delivered
desiccated. They were dissolved in TE buffer to form stock solutions (200 µM), which
were further diluted to give a working concentration of 20 µM.

The PCR amplification was performed with a GeneAmp PCR system 9600 (PERKIN
ELMER). The program started with a preheating step (94oC for 3 min), followed by 30
cycles of 94oC, 30 sec. Æ 48-55oC (depending on the primers used in each reaction), 30
sec. Æ 70oC, 45 sec, the samples were then extended at 70oC for 5min, and finally held
at 4oC. The quality and relative quantity of the PCR products was examined on a 1.5%
TAE agarose gel in comparison to DNA size standards.
Table 2.3 Primers used for PCR amplification
Primer

Primer Sequence 5’-3’

Corresponding position on the

Name

Adapter

ars gene fragment of pZX4

As4-17

TATCTAGACTCATCCTTCTCACTTC

947-931bp

XbaI

As4-19

TATCTAGAGTCATTGCCTTTCACTT

2883-2867 bp

XbaI

As4-20

AAGAATTCCCAAAATAATCG

119-138 bp

EcoRI

As4-22

ACGAATTCACAGATCAAACATCT

2203-2219 bp

EcoRI

20

22
arsR

arsB

arsC

arsD

17

arsA

trxB

19

Figure 2.2 A schematic illustration of the positions of the PCR primers relative to the ars genes in pZX4.
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2.2.2 DNA Manipulation for Cloning
The restriction digestions were normally carried out in Eppendorf tubes at 37 oC for 2-3
hours according to the manufacturer’s instructions. Generally, when more than one
restriction enzyme was required, the recommended compatible buffer, in most cases, the
multicore buffer (Promega) was used.

After digestion or PCR amplification, the desired DNA fragments were separated by
agarose gel electrophoresis and purified by size exclusion/affinity chromatography,
using the Perfectprep Gel Cleanup kit (Eppendorf, Germany) according to the
manufacturer’s instruction. The purified samples were run on an agarose TAE gel to
check the quality and quantity in comparison with the DNA marker.

To remove the phosphate groups from the 5’-ends to prevent self-ligation, the vector
DNA was treated with Shrimp Alkaline Phosphatase (SAP, Promega); while to end-fill
the 5’-overhangs of the DNA fragments, Klenow polymerase (Promega) was used
according to the manufacturer’s procedure.

DNA cloning was performed as previously described (Sambrook et al., 1989). Prior to
ligation, the concentrations of the vector and insert were estimated by running on an
agarose TAE gel in comparison with a quantitative DNA marker and DNA ligations
were then performed using a vector to insert molar ratio of approximately 1:3. Each
ligation was performed by mixing appropriate individual vector and insert (digested
PCR products or plasmids), 1 µL of ligation buffer (10X, Promega), 1 unit of T4 ligase
(Promega), and H2O up to 10 µL, and then left overnight at 16oC. After ligation, the
DNA was precipitated out of each solution by the addition of 1 µL of 3 M sodium
acetate (pH5.4) and 25 µL of 95% ethanol, followed by cooling (-80oC for 20 min.).
The mixture was then centrifuged at room temperature (15 min. at 15,000 g) and the
pellet was resuspended in 10 µL of H2O.
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2.2.3. Transformation of E. coli Cells
For the preparation of E. coli competent cells, 2 mL of an overnight culture of a single
colony from plate was transferred into 1 L of 2YT medium (Appendix 1) in a 2 L flask
and cultivated at 37 oC with shaking at 180 rpm until OD600 nm was about 0.5. After
briefly chilled on ice, the cells were harvested by centrifuging at 4,000 g for 15 minutes
at 4°C. The pellet was resuspended in 1 L of ice-cold water and centrifuged as before.
This wash was repeated with 0.5 L of ice-cold water. The pellet was resuspended in 20
mL of ice-cold 10% glycerol and spun as before. The pellet was finally resuspended in
5 mL of ice-cold 10% glycerol and stood on ice. The cells were distributed to 1.5 mL
Eppendoff tubes (160 µL in each) and frozen in liquid nitrogen before being stored at 80°C.

The ligated samples were used to transform competent cells by electroporation.
Typically, 2.5 µL of a ligation sample was added to 40 µL of competent cells and
electroporation was conducted using a Genepulser (Bio-Rad, 2 mm path length microcuvette). The instrument was set to 2.5 kV, 25 µFD and 200 Ω. The cells were
subjected to a single pulse, and immediately suspended in 1 mL of SOC medium
(Appendix 1). The transformed E. coli cells were incubated with shaking at 37°C for 1
hour. The cultures were then plated on LB agar plates (about 100 µL/plate) containing
appropriate antibiotics and X-gal (80 µg/mL) where necessary, and incubated overnight.
The transformants were verified by restriction mapping of the mini-prepared plasmid
DNA.

2.2.4 DNA Sequencing
To verify the PCR amplified fragments of the putative promoter and genes, and the
accuracy of the cloning, DNA sequencing was performed. In order to prepare the
template for sequencing, the plasmid DNA was purified with polyethylene glycol (PEG)
precipitation method [modified from (Nicoletti and Condorelli, 1993)]. The mini
prepared plasmid DNA was mixed with water containing RNase A and incubated at
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37°C for 20 minutes. A chloroform extraction was then performed: one volume of
chloroform was added to the solution and vortexed before centrifugation (5 min. at
14,000 g). The aqueous upper layer was transferred to fresh microcentrifuge tubes. One
volume of 26.6% PEG / 20 mM MgCl2 was added and left at room temperature for 10
minutes. After centrifugation (20 min. at 15,000 g) the pellet was washed with cold
75% ethanol. After another centrifugation (5 min. at 15,000 g) the pellet was
thoroughly aspirated and dissolved in 10 to 30 µL H2O depending on the concentration
of the plasmid DNA.

DNA sequences were determined by the dideoxy chain-termination method (Sanger et
al., 1977) using an ABI PRISM 377 DNA Sequencer (PE Applied Biosystems). The
cycle sequencing reaction mixtures were set up, each containing 4 µL of ‘Big Dye’
reaction mix (Perkin-Elmer), 5.0 µL of DNA (50-100 ng/µL), and 1 µL of primer (~1.6
pmol) (Table 2.5). The program used for the cycle sequencing consisted of 25 cycles of
96oC, 10 sec. Æ 50oC, 5 sec. Æ 60oC, 4 min. After cycle sequencing, ethanol
precipitation was used to purify the extension products according to the manufacturer’s
protocol.

Sequence data were collected by means of the program ABI PRISM (Perkin-Elmer) and
assembled with an ABI Auto Assembler (Perkin-Elmer). The obtained sequences were
compared with the As4 ars gene cluster sequence from Genbank (Access No: AF
178758) using Bestfit program from ANGIS (www.ANGIS.org.au/BioNavigator).
Table 2.4 primers used for sequencing the PCR products in this study
Primer Name

Primer Sequence 5’-3’

Corresponding position of As4 ars
gene cluster

As4-4

TTAACAAGAGTGTCACAG

588-605 bp

As4-1

CCATAACTTGCACCCAC

1796-1780 bp

As4-15

TATCTAGAGCCATCTTTGATTTCTTCC

2503-2487 bp

M13 Forward

GTAAAACGACGGCCAAG

/

M13 Reverse

CAGGAAACAGCTATGC

/
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2.3 β-GALACTOSIDASE ASSAY
β-galactosidase assay was performed as previously described (Miller, 1992). For each
strain to be assayed, a single colony was taken from an LB plate containing the
appropriate antibiotic and cultivated overnight in LB medium with antibiotic selection.
The overnight cultures were diluted 100 times with fresh LB medium and incubated
until they reached logarithmic growth phase (OD600nm = 0.28-0.70). The cultures were
then distributed into tubes, and each strain divided into several groups. No arsenite was
added to the control, while the other groups were induced by different final
concentrations of sodium arsenite. After incubation for an additional hour, the cultures
were immersed in ice for 20 minutes to prevent further growth. The cell density
(OD600nm) was measured with a spectrophotometer (WPA Biowave S2100 Diode Array
spectrophotometer). Then 0.1 mL of culture was mixed in a tube with 0.9 mL of Z
buffer (Appendix 2), 60 µL of chloroform and 30 µL of 0.1% SDS (sodium dodecyl
sulphate) solution followed by vortexing for 10 seconds. After placing the tubes in a 28
o

C water bath for 5 minutes, the reaction was started by adding 0.2 mL of ONPG (o-

nitrophenyl-β-D-galactopyranoside, 4 mg/mL) to each tube and shaking the tubes for a
few seconds. The tubes were incubated in a 28 oC water bath until sufficient yellow
color was observed. After the reaction was stopped by adding 0.5 mL of 1 M Na2CO3
and total assay time was recorded for each sample, the tubes were centrifuged at 4000 g
for 5 minutes. Finally, the absorbance of each assay tube at both 420 nm and 550 nm
was measured. The “Miller Units” of β-galactosidase activity was calculated using the
following equation:
A420-1.75(OD550)
Miller Units=1000×

t×v×OD600

Where A420 and OD550 are read from the reaction mixture;
OD600 is the culture optical density at the time when the sample was taken for assay;
t is the reaction time, in minutes; and
v is the volume of culture assayed, in mL.
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The β-galactosidase assays were performed in triplicate in each experiment, and all the
experiments were carried out at least three times.

2.4 RT-PCR ANALYSIS OF MESSENGER RNA
2.4.1 RNA Extraction and Purification
Considering that previous studies failed in detecting the low transcription level of ars
genes in the Sinorhizobium As4 cells, RT-PCR of mRNA was performed using E. coli
AW3110 (the chromosomal arsRBC operon was deleted) cells harbouring pZX4 (high
copy number plasmid containing the arsRBCDA genes cloned from the As4). Overnight
cultures of E. coli AW3110 harbouring pZX4 in 5 mL of 2YT/Km (50 µg/mL) medium
were diluted 200 fold in LB/Km medium and incubated at 37°C with shaking until
OD600nm = 0.5 reached. The cultures were then diluted two times before being equally
divided into six flasks. Two flasks were used as controls and no arsenite was added;
while sodium arsenite was added to the other four flasks to a final concentration of 0.1
mM or 1 mM. The cells were incubated at 37°C for 30 min or 60 min. The cells were
harvested by centrifugation at 5,000 g for 7 min at 4°C. The pellet was suspended in 5
mL of NETS buffer (0.1 M NaCl, 10 mM Tris pH 8, 1 mM EDTA, 1% SDS) and 5 mL
of phenol: chloroform: isoamyl alcohol mixture (25:24:1) by votexing and centrifuging
at 5,000 g again for 7 min. After centrifugation, the supernatant was transferred to a
new tube, and 0.1 volume of sodium acetate (3 M, pH 5.4) followed by 2.5 volume of
95% ethanol was added into the tubes that were then stored at -20°C for a minimum of
2 hours. After centrifugation at 10,000 g for 20 min at 4°C, the pellet was dissolved in
300 µL of sterile H2O.

To remove large amounts of DNA from the samples, concentrated NaCl solution (5 M)
or NaCl powder was added to a final concentration of 3 M, mixed well and the samples
were kept at 4°C for at least 4 hours before centrifugation at 10,000 g for 10 min at 4°C.
The pellets (RNA) were washed with cold 3 M NaCl and then dissolved in nucleasefree water. 0.1 volume of sodium acetate (3 M, pH 5.4) and 2.5 volume of 95% ethanol
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were added to the dissolved RNA samples, mixed well and the samples were stored at 20°C for a minimum of 2 hours. After centrifugation at 15,000 g for 10 min at 4°C, the
pellets were washed with 75% ethanol and then dissolved in nuclease-free water. The
quality and quantity of purified RNA was examined on a 1% agarose gel.

To avoid DNA contamination in RT-PCR, the isolated RNA samples were treated with
DNase. The reaction was carried out typically in a 100 µL solution containing 1 to 5
units of RQ1 RNase-free DNase (1 U/µL, Promega), 10 µL of 10X RQ1 DNase buffer
(Promega), 40 µL of RNA sample (about 2 µg/µL) and H2O in an Eppendorf tube and
incubated at 37oC for 30 min. The enzyme was inactivated by heating the samples at
70oC for 5 minutes followed by placing the samples on ice. The quality and relative
quantity of purified RNA was examined on a 1% TAE agarose gel. The concentration
of the purified RNA sample was measured by UV spectrophotometry.

2.4.2 Reverse Transcription and PCR Amplification
Complementary DNA synthesis was performed in a sterile RNase-free microcentrifuge
tube. Five µL of RQ1 DNase treated RNA sample (about 1 µg/µL), 2 µL of downstream
primer (As4-3 or As4-9, 20 µM, Table 2.3) and 3 µL of nuclease-free water were mixed
well and heated at 70 oC for 5 min followed by cooling to room temperature. Then
added to each reaction were 5 µL of AMV RT reaction buffer (5X, Promega), 2.5 µL
dNTPs (10 mM), 2.5 µL of sodium pyrophosphate solution (40 mM), 1.5 µL of AMV
Reverse Transcriptase (10 U/µL, Promega), and nuclease-free water to a total volume of
25 µL. The reaction mix was incubated at 42 oC for 60 min. The enzyme was inactivated
by heating the samples at 65oC for 15 minutes followed by placing the samples on ice.
The primers (synthesized by Sigma) used for RT-PCR were listed in Table 2.5.

Table 2.5 Primers used for RT-PCR
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Primer Name

Primer Sequence 5’-3’
GTATGACCTGTTGGTGC

Corresponding position
on the ars gene
fragment of pZX4
3339-3323 bp

As4-3

Corresponding gene
of As4 ars gene cluster
arsA

As4-9

GCATCTGGTTCACTTGC

2661-2645 bp

arsD

As4-19

TATCTAGAGTCATTGCCTTT
CACTT

2883-2867 bp

Non-encoding region
between arsD and arsA

As4-6

AGGACCAGACGTATTGC

2704-2720 bp

arsD

As4-22

ACGAATTCACAGATCAAAC
ATCT

2203-2219 bp

arsC

The PCR reactions were performed on a GeneAmp PCR system 9600 (PERKIN
ELMER). A typical reaction mixture (10 µL) consists of 2.5 µL of synthesized cDNA
sample or non-RT sample (control), 0.5 µL of each primer (20 µM), 5 µL of PCR
Master Mix (2X) (Promega) and nuclease-free water. After an initial denaturation step
at 94°C for 5 min, 30 cycles consisting of denaturation (94°C, 30 sec), annealing (48°C,
30 sec) and extension (72°C, 1 min) were performed. After a final extension step at
72°C for 5 min, the reaction was stopped by cooling to 4°C. The amplified PCR
product was then visualized on a 1% agarose gel. If the first round PCR product was
not visible, a second PCR amplification was conducted using the first PCR product as
template.

2.5 BIOINFORMATIC ANALYSES
Software

available

from

the

ANGIS

service

network

(www.ANGIS.org.au/BioNavigator) was used to perform bioinformatic analyses. The
ArsR, ArsD and ArsA proteins of Sinorhizobium sp. (As4) were subjected to BLASTP
searches (Altschul et al., 1997) to find any homologs. Multiple alignments of As4 Ars
proteins and nucleic acid sequences with homologs were made using the ClustalW
program (Thompson et al., 1994), comparisons of the protein identities were using
BestFit program (Henikoff and Henikoff, 1992), and the phylogenetic trees were
constructed by Phylogeny analysis program (Felsenstein, 1989). The secondary
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structure of mRNA was analyzed by Stem-loop program (Genetics Computer Group
Inc.).
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Chpter3: RESULTS

3.1 PRELIMINARY REPORTER GENE STUDY USING
FUSION PROTEIN CONSTRUCTS
The downstream fusion of a reporter gene to the promoter region of an interested gene
is a popular technique to study the regulation of gene expression in bacteria (Warner
and Lolkema, 2002). In this study, the reporter gene lacZ coding for β-galactosidase
was fused to the regulatory regions of the As4 ars gene cluster and the activities of βgalactosidase were measured in different constructs. Thus the “intrinsic promoter
strength” and the influence of the elements involved in induction and/or repression of
the genes were revealed through a comparison of the expression of the lacZ gene in
different constructs.

A preliminary reporter gene study was carried out using several lacZ fusion plamids
[including pZX11, pZX12, pZX13 and pZX14 (Table 2.2)] constructed by a former
member of our laboratory, Mr. Zhiqiang Xu. The plasmid pZX11 contains intact arsR
and arsB genes, and a truncated arsC gene, in which the lacZ coding region was fused
in frame to the 67th codon of arsC. The plasmid pZX12 contains intact arsRBCDA
genes, pZX13 contains a truncated arsC and completed arsDA genes, and pZX14 only
contains part of the arsA gene. In these three plasmids, pZX12, pZX13 and pZX14, the
lacZ coding region was fused, in frame, to the 165th codon of trxB, as illustrated in
Figure 3.1. After confirmation by restriction mapping, the four plasmids were
transformed into E. coli JM109, and then their growth and the β-galactosidase activities
in the cell lines bearing these plasmids were measured. In this study, E. coli JM109,
rather than AW3110, was chosen for the host in the experiment, which was based on
two considerations: 1) The lac- proAB was deleted from the chromosome of JM109,
which will lead to a reduced background of expression of lacZ compared with that of
AW3110 (containing lac-proAB); 2) The chromosomal arsRBC operon contained in
JM109 gives it certain resistance to arsenic, so the cells could survive in the high
concentration of arsenite (up to 1mM which was used to test the activity of putative
promoters) when the hosted plasmid does not contain arsRBC genes; while AW3110
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containing no arsRBC operon may have died prior to the β-galactosidase assays due to
the treatment of high concentration of arsenite.
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Figure 3.1 The translational fusion constructs of pZX11, pZX12, pZX13 and pZX14. The putative
promoters are shown by the small arrows. The DNA sequences and amino acid sequences of the joint
regions of the fusion proteins are indicated.
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Figure 3.2 Cell densities of the E. coli JM109 bearing different gene fusion plasmids (pZX11, pZX12,
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pZX13 and pZX14) treated with different concentrations of arsenite for 1 hour.
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Figure 3.3 Activities of β-galactosidase in the E. coli JM109 carrying different gene fusion plasmids
(pZX11, pZX12, pZX13 and pZX14) treated with different concentrations of arsenite for 1 hour. All
assays were carried out in triplicate and the bars represent standard deviation (SD).

It was observed that the influence of the high arsenite concentration (i.e., >100 µM) on
the growth of the cells bearing pZX12 was not so obvious as that of the cells bearing
other plasmids (Figure 3.2). Similar results were found by Xu (personal
communication). This suggested that the presence of ArsD and ArsA might elevate the
arsenite resistance of the E. coli cells.
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In Figure 3.3 it can be seen that when the four plasmids were expressed in E. coli
JM109, the activities of β-galactosidase of all the four constructs were low (between
350-750 units) in the absence of arsenic. The difference between the baseline expression
without induction of arsenite and the background expression of a promoterless lacZ
construct (data not presented) could not be distinguished.

With the addition of 10 µM, 100 µM or 1000 µM As(III), the activity of β-galactosidase
in the E. coli cells bearing pZX11 increased 2.5-fold, 6-fold or 10-fold, respectively
(Figure 3.3). This indicated that the promoter R (ParsR) was repressed by ArsR in the
absence of arsenite, but with the addition of arsenite, ArsR was bound to arsenite and
the repression of the ParsR was released gradually with the increasing concentration of
arsenite.

However, the β-galactosidase activities of the E. coli cells bearing pZX13 and pZX14
did not increase with the addition of arsenite (Figure 3.3). This suggested that either the
ParsD and PtrxB did not exist or the promoters did exist but could not be induced by
arsenite at the given concentrations.

In the E. coli cells bearing pZX12, only a small increase of β-galactosidase activity was
observed in the presence of 10 µM or 100 µM As(III), but when the concentration of
As(III) was raised to 1000 µM, the β-galactosidase activity was one fold higher than the
non-induced one (Figure 3.3). Thus, the expression of lacZ on pZX12 could be induced
by arsenite as could pZX11, but no induction was observed for pZX13 or pZX14.
Hence, the lacZ gene on pZX12 seemed to be controlled by ParsR rather than the putative
ParsD or PtrxB.

The fact that the induction of lacZ expression in E. coli/pZX12 was much lower than
that in E. coli/pZX11 could be the consequence of the regulation of ArsD on the
operator. However, it should also be noted that on pZX12, the lacZ gene was fused to
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trxB, whereas it was fused to arsC on pZX11. In this case, the differences in both the
translational signals in front of arsC and trxB, and the properties of carrier proteins
could affect the reporter gene expression and protein activity. Furthermore, there were
no transcriptional terminators built at the end of lacZ in these four constructs.

In order to obtain more accurate information on the regulation of the As4 ars gene
cluster, especially to elucidate the regulatory function of ArsR and ArsD, better
designed reporter gene plasmids should be constructed.

3.2 REGULATION STUDY USING NEWLY DESIGNED
REPORTER GENE CONSTRUCTS
3.2.1 Construction of Fusion Plasmids of lacZ Reporter Gene
Five constructs including a control were designed and their structures are illustrated in
Figure 3.4.
ParsD?

ParsR

As4

arsR

arsB

arsC

arsD

arsA

trxB

unknown

ParsR

pCW15

arsR

lacZ
ParsD?

pCW16

arsD
ParsR

pCW17

ParsD?

arsR

arsD

pCW19

lacZ
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lacZ

arsR

arsB
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Figure 3.4 A diagram illustrating the designated constructs of five reporter gene plasmids derived from
the As4 ars gene cluster. The directions of the potential promoters are shown by the small arrows.
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3.2.1.1 Construction of pCW15 and pCW16
The strategy for construction of pCW15 and pCW16 is shown in Figure 3.5 A. The
putative promoter regions and regulatory genes were amplified from pZX4 by PCR. The
primer pair As4-17/As4-20 amplified a 836 bp-fragment containing 450 bp of the noncoding region upstream of the arsR gene, the arsR coding region, and the non-coding
region before arsB until the initial codon of arsB; whereas primers As4-19/As4-22
amplified a 694 bp-fragment containing the 60th –136th codon of arsC, the non-coding
region before arsD, the arsD coding region, and the non-coding region before arsA until
the initial codon of arsA (Figure 3.5 B).

Agarose gel electrophoresis showed that PCR products of the promoter R (ParsR) region
and arsR (836 bp) and the putative promoter D (ParsD) region and arsD (694 bp) had
been obtained (Figure 3.6). The amplified DNA fragments were subcloned into the
pGEM-T Easy cloning vector and generated pCW11-T Easy and pCW12-T Easy, which
were purified and sequenced to obviate the potential errors arising during the PCR
process. Each plasmid was sequenced on both strands by using M13 forward and M13
reverse primers. The results (Appendix 3.1 and 3.2) showed that both of the PCR
products were 100% identical to the corresponding regions of the As4 ars gene cluster.
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Figure 3.5 Structures of pCW15 and pCW16.
A. Schematic representation of the construction of pCW15 and pCW16. The restriction sites used for
cloning are indicated in red color.
B. Nucleotide and deduced amino acid sequences of the fusion regions between ParsR + arsR or
putative ParsD + arsD and the lacZ gene in pCW15 (a) or pCW16 (b). The inverted repeats and the
putative promoter elements are indicated. The restriction sequences are indicated in green, the noncoding regions are indicated in pink, the lacZ coding region are indicated in blue, while the blue
ATG shows the initial codon of arsB (a) or arsA (b).
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Both of the PCR products (EcoRI~ XbaI fragment, 0.84 kb and 0.69 kb) were then
released from pCW11-T Easy and pCW12-T Easy, and ligated to the 6.6 kb
EcoRI~XbaI fragment from pZX12 (Figure 3.7), resulting in pCW11 and pCW12
(Figure 3.8), respectively. As these two plasmids do not have a transcriptional
terminator downstream of the lacZ gene coding region, they were digested with EcoRI
and SacI, and ligated to pUJ8 (Lorenzo et al., 1990), which has been cut with the same
enzymes, to introduce the transcriptional terminator; this resulted in pCW15 and
pCW16, respectively (Figure 3.9). All the resulting plasmids were verified by restriction
mapping.
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Figure 3.8 Agarose gel (1%) electrophoresis of
pCW11 and pCW12 after restriction enzyme
digestion and relevant PCR products. Lane 1:
pCW11 digested with EcoRI and XbaI,

6.6 kb

resulting in 6.6 kb and 0.84 kb fragments; Lane
2: PCR product of ParsR + arsR region (0.84

0.84 kb
0.69 kb

kb); Lane 3: pCW12 digested with EcoRI and
XbaI, resulting in 6.6 kb and 0.69 kb fragments;
Lane 4: PCR product of putative ParsD + arsD
region (0.69 kb).
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Figure 3.9 Agarose gel (1%) electrophoresis of pCW15 and pCW16 after restriction enzyme
digestion. Lane 1: pCW15 digested with EcoRI, HindIII and XbaI, resulting in 3.07 kb, 2.3 kb, 0.84
kb, 0.45 kb and 0.2 kb fragments; Lane 2: pCW16 digested with EcoRI, HindIII and XbaI, resulting
in 3.07 kb, 2.3 kb, 0.69 kb, 0.45 kb and 0.2 kb fragments; Lane 3: pCW15 digested with SacI and
EcoRI, resulting in 4.2 kb and 2.66 kb fragments; Lane 4: pCW16 digested with SacI and EcoRI,
resulting in 4.2 kb and 2.51 kb fragments. Lane 5: DNA size standards. Lane 6: λ/HindIII DNA
marker.

3.2.1.2 Construction of pCW19
In order to provide a negative control for the β-galactosidase assay, a plasmid that does
not contain a promoter region and Shine-Dalgarno (SD) sequence upstream of the lacZ
gene was generated. The putative ParsD and arsD gene were removed from pCW16 by
digesting the plasmid with EcoRI and XbaI. After filling-in the sticky ends by Klenow
(Promega) treatment, it was self-ligated, giving pCW19 (Figure 3.10 and 3.11).
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Figure 3.10 Plasmid map of pCW19.
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3.2.1.3 Construction of pCW17
In order to investigate the influence of the regulatory protein ArsR on the putative ParsD,
pCW17 was constructed. The fragment of ParsR and arsR gene was released from
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pCW11-T Easy by digesting the plasmid with EcoRI and cloned into pCW16 cut with
EcoRI, giving pCW17 (Figure 3.12). In order to prevent self-ligation, the linearized
pCW16 was treated with SAP (Shrimp Alkaline Phosphatase, Promega) before ligation
with the insert. Since the fragment (ParsR + arsR) was released by only one restriction
enzyme (EcoRI), it could be cloned into pCW16 with two orientations. Therefore, the
orientation had to be determined by restriction enzyme digestion. If the direction of
ParsR and arsR is opposite to that of arsD in a plasmid (designated as pCW17), a
fragment of 1.5 kb should be observed when the plasmid is digested with XbaI;
otherwise, if the direction of promoter ParsR and arsR is same as that of arsD in a
plasmid (designated as pCW17R), a fragment of 0.69 kb should be obtained. However,
after screening more than 100 colonies, only pCW17 was obtained (Figure 3.13).
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Figure 3.12 Cloning strategy for pCW17. The restriction sites used for cloning are indicated in red color.
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3.2.1.4 Construction of pCW20
The strategy for construction of pCW20 is shown in figure 3.14. The ParsR region and
arsRBCD genes were amplified from pZX4 by PCR using primer pair As4-19/As4-20
(Table 2.3). The resulting PCR product was subcloned into the pGEM-T Easy cloning
vector and resulted in pCW20-T Easy (Figure 3.15). The plasmid pCW20-T Easy was
purified and sequenced using As4-4, As4-1, As4-15, pUC/M13 forward and pUC/M13
reverse primers (Table 2.4), and the result (Appendix 3.3) showed that the PCR product
was100% identical to the corresponding region (ParsR + arsRBCD) of the As4 ars gene
cluster.

After verification of the sequence, the fragment was released by digesting pCW20-T
Easy with NotI and XbaI. The plasmid pCW16 was completely digested with XbaI first
and then partially digested with NotI (as the plasmid contains two NotI sites), and the
desired 6.0 kb NotI~ XbaI fragment was extracted from gel and ligated with the released
fragment of arsRBCD, giving pCW20 (Figure 3.16).
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Figure 3.14 Cloning strategy for pCW20. The restriction sites used for cloning are indicated in red
color.
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(1%)

electrophoresis of pCW20 after restriction
23130 bp
9416 bp
6557 bp
4361 bp
2322 bp
2027 bp
1543 bp
994 bp

enzyme digestion. Lane 1: PCR marker.
6.1 kb
3.7 kb
2.76 kb
2.4 kb
1.4 kb
1.0 kb

697 bp

Lane 2: λ/HindIII DNA marker. Lane 3:
pCW20 digested with EcoRI and XbaI,
giving 6.1kb, 1.4 kb, 1.0 kb and 0.35 kb
fragments. Lane 4: pCW20 digested with
NotI and XbaI, giving 3.7 kb, 2.76 kb and
2.4 kb fragments.

515 bp
377 bp

0.35 kb

3.2.2 β-Galactosidase Assays with the Newly Constructed Plasmids
The plasmids pCW15, pCW16, pCW17, pCW19 and pCW20 were transformed into E.
coli JM109 and the β-galactosidase assays were conducted in triplicate as described in
section 2.3.

In the E. coli JM109 cells bearing pCW15 (in which the arsR and lacZ genes were
under the control of ParsR, Figure 3.4), a β-galactosidase activity of approximately 1600
units was obtained in the absence of arsenite, while with the addition of 10 µM or 100
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µM arsenite, the activity increased 10 or 13-fold, respectively (Figure 3.17 B). However,
when the concentration of arsenite reached 1000 µM, the activity decreased to about
1500 units. This indicated that ArsR repressed the ParsR in the absence of arsenite, and
with the addition of arsenite, the repression was released gradually. When arsenite
reached a certain concentration, the regulatory protein ArsR would completely
disassociate from the ParsR and the expression of lacZ reached the peak. However, when
the concentration of arsenite exceeded this level, the toxicity of arsenite started to kill
the cells (Figure 3.17 A) and consequently, the activity of β-galactosidase decreased.

When lacZ was under the control of the putative ParsD (pCW16 and pCW17, Figure 3.4),
the β-galactosidase activities were at a much lower level (only approximately 200-400
units, Figure 3.17 B) in the cells bearing these plasmids compared to that of the cells
bearing pCW15, although higher than that in the negative control (E. coli cells carrying
pCW19, which does not contain a promoter region and Shine-Dalgarno (SD) sequence
upstream of the lacZ). Furthermore, the expression of β-galactosidase in the cells
bearing these plasmids could not be induced by arsenite, even in the presence of the
regulatory gene arsD and arsR on the constructs (Figure 3.4). This suggested that the
expression of β-galactosidase in the E. coli/pCW16 and E. coli/pCW17 were the
consequence of constitutive transcriptional activity or just the no-promoter expression
background. Actually, it has been observed that the β-galactosidase activity in the E.
coli/ pUJ8 (a plasmid that does not contain promoter but has SD sequence upstream of
the lacZ, see Figure 3.5 for plasmid map) could be up to about 500 units (data not
presented).

However, in the cells bearing pCW20 (on which the lacZ gene was fused downstream
of arsRBCD, Figure 3.4), the expression of β-galactosidase displayed a different pattern.
In the absence of arsenite, the activity of β-galactosidase was very low (only about 200
units), but with the addition of 10 µM, 100 µM or 1000 µM arsenite, the activities
increased 2.5, 8 or 13-fold, respectively (Figure 3.17 B). The induction pattern
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displayed in E. coli/pCW20 was similar to that in E. coli/pCW15 (the lacZ gene
controlled by ParsR) in terms of the capabilities of being induced by arsenite and
completely different from that in E. coli/pCW16 and E. coli/pCW17 (the lacZ gene
controlled by the putative ParsD) which could not be induced by arsenite. This indicated
that the lacZ on pCW20 was under the control of ParsR and there was only one transcript,
arsRBCDlacZ. However, when the concentration of arsenite was raised from 100 µM to
1000 µM, the β-galactosidase activity in the cells bearing pCW20 increased from 8 to
13-fold, while that in the cells bearing pCW15 decreased sharply. This suggested that
the second repressor, ArsD, might exert some regulatory function on the plasmid
pCW20.
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Figure 3.17 Cell densities (A) and activities of β-galactosidase (B) of the E. coli JM109 bearing different
lacZ fusion plasmids (pCW15, pCW16, pCW17, pCW19 and pCW20) treated with different
concentrations of arsenite for one hour. β-galactosidase assays were carried out in triplicate and the bars
represent SD.
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3.3 RNA TRANSCRIPT IDENTIFICATION BY RT-PCR
ANALYSIS
As mentioned in Chapter 1, computer analysis on the As4 ars gene cluster detected a
putative transcriptional terminator between arsC and arsD, and a northern blot analysis
conducted by Qian Wang seemed to support the hypothesis that this gene cluster
contained more than one transcript (Wang, 2001). However, the reporter gene analysis
carried out in this study could not detect a regulated promoter in front of arsD and it
indicated that either the putative promoter was a constitutive low level promoter or the
gene cluster was transcribed as a single unit. Therefore, as a complementary approach,
reverse transcription polymerase chain reaction (RT-PCR) analysis was conducted to
detect the read-through mRNA between arsC and arsD, and thus to confirm the finding
of the reporter gene study (Section 3.1 and 3.2).

3.3.1 RNA Sample Purification
For RT-PCR analysis, E. coli AW3110 was chosen to be the host for plasmid pZX4,
this is due to two reasons: 1) The AW3110 does not contain the chromosomal arsRBC
operon, so no ars transcription will be produced by host (i.e., the RT-PCR analysis was
done in a clean genetic background); 2) The pZX4 itself has the ability to resist arsenic,
so the cells (with no arsenic resistance ability) habouring pZX4 can survive in the
medium containing high concentrations of arsenite.

The RNA samples (control and induced by 1 mM arsenite for 30 min) extracted from E.
coli AW3110/pZX4 were treated with NaCl and RQ1 DNase to remove the
contamination of genomic and plasmid DNA. In Figure 3.18 A, it can be seen that after
the treatment of NaCl, most of the DNA and small degraded RNA products were
removed from the samples; while after the treatment of RQ1 DNase, no DNA could be
observed on the electrophoresis gel (Figure 3.18 B). Therefore, the quality of the RNA
samples was satisfactory for RT-PCR.
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16s RNA
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Figure 3.18 Purification of the RNA samples extracted from E. coli AW3110/pZX4.
A. Comparison of the RNA samples between before and after NaCl treatment. Lanes 1 and 2: after
NaCl treatment, Lanes 3 and 4: before NaCl treatment; Lanes 1 and 3: controls; Lanes 2 and 4: 1
mM arsenite induced for 30 min.
B. Comparison of the RNA samples between before and after RQ1 DNase treatment. Lanes 1-3:
controls; Lanes 4-6: 1 mM arsenite induced for 30 min; Lanes 1 and 4: before DNase treatment;
Lanes 2 and 5: treated with 1 unit of RQ1 DNase; Lanes 3 and 6: treated with 5 units of RQ1
RNase.

3.3.2 RT-PCR Analysis
Reverse transcription reactions were performed using primer As4-3 or As4-9 separately
(Table 2.5, Figure 3.19), and a series of PCR amplifications were carried out
subsequently. As a control, PCR amplifications were also performed using the RNA
samples without reverse transcription. The results showed that no PCR products were
obtained in all the non-RT reactions, which means that no DNA contamination existed
in the RNA samples and all the PCR products obtained in the other reactions were the
consequence of reverse transcription.

When the RNA samples were reverse transcribed with primer As4-3 (located at arsA),
both induced and non-induced samples amplified the PCR product of As4-6—As4-3
(covering part of arsA and part of arsD, as a positive control, Figure 3.19 and Table 3.1),
indicating that the reverse transcription worked. Both of the samples also amplified the
PCR product of As4-22—As4-19 (covering part of arsC and part of arsD, Figure 3.19
and Table 3.1), which indicated that the transcript could read through the putative
62

terminator between arsC and arsD. When the RNA samples were reverse transcribed
with As4-9 (located at arsD), the non-induced sample gave the PCR product of As422—As4-9 (covering part of arsC and part of arsD, but surprisingly the induced sample
did not, which suggested that the mRNAs might be more easily degraded in the
presence of arsenite, but this needs to be confirmed by further experimentation.

arsR

A

arsB

As4-22

As4-6

arsC

arsD
As4-19

arsA

trxB

As4-3

As4-9

B
arsR

arsB

arsC

arsD

arsA

1
As4-3
arsR

arsB

arsC

2

arsD
As4-9

Figure 3.19 Illustration of the positions of the primers used for RT-PCR in relation to the As4 ars gene
cluster (A) and the two separate reverse transcription reactions (B) conducted in this study.

Table 3.1 List of the RT-PCR conducted in this study and the results

Template

Primer pair

Expected PCR product size

PCR result

As4-6/As4-3

635 bp

+

As4-22/As4-19

670 bp

+

As4-6/As4-3

635 bp

+

As4-22/As4-19

670 bp

+

2

As4-22/As4-9

451 bp

+

2*

As4-22/As4-9

451 bp

-

1

1*

Templates 1 and 2 refer to transcripts 1 and 2 in Figure 3.19.
Template with * means the cells treated with arsenite (1 mM) before RNA extraction.
PCR result: “+”means PCR product observed on agarose gel electrophoresis and “-” means PCR product
not observed.
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3.4 BIOINFORMATIC ANALYSES OF THE As4 ars GENE
CLUSTER
In order to further study the regulatory mechanism of the As4 ars gene cluster,
bioinformatic analyses were employed to highlight the vital consensus sequences shared
by the Ars proteins and the putative operator regions of As4 and its homologs, thus to
reveal the potential function of these regions and the evolution of ars operons in
microorganisms.

3.4.1 Comparison of the arsDA-bearing ars Operons
The amino-acid sequences of ArsD and ArsA proteins from Sinorhizobium sp. (As4)
were compared with sequences in the SwissProt + SpTrEMBL database using the Blast
search (Altschul et al., 1997) and BestFit programs (Henikoff and Henikoff, 1992).
ArsD and ArsA from As4 were most homologous to the uncharacterized proteins
pli0035 and pli0037 (with identities of 49.1% and 58.0%, respectively) from Listeria
innocua plasmid pLI100. Other good matches were ArsDs and ArsAs from
characterized ars operons or putative ars operons discovered during genomesequencing projects (Table 3.2).

Table 3.2 Sequence identities of ArsDs and ArsAs between Sinorhizobium sp. (As4)
and other known ars operons containing the arsDA genes
Bacteria

Gene order

ArsD

ArsA

Genbank Accession No.

Archeal Halobacterium sp. strain
NRC-1 pNRC100

arsDARC

34.6%

34.2%

AF016485

Acidiphilium multivorum pKW301

arsRDABC

37.6%

49.7%

AB004659

Escherichia coli pR773

arsRDABC

35.0%

50.4%

J02591; X16045; U13073

Escherichia coli pR46

arsRDABC

39.5%

49.4%

U38947

Klebsiella oxytoca pMH12

arsRDABC

40.0%

50.6%

AF168737

Listeria innocua pLI100

arsRDRABB

49.1%
(pli0035)

58.0%
(pli0037)

AL592102

Salmonella typhimurium pR64

arsRDA..BC

35.7%

50.3%

AP005147

Values obtained using the BestFit program (GCG)(Henikoff and Henikoff, 1992). Gap creation penalty=5,
Gap extension penalty=1.
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Figure 3.20 Various arrangements of the ars operons that contain the arsDA genes. The arsA gene in S.
typhimurium pR64 is interrupted by other insertional genes.
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Among all the arsDA-containing operons known to us (Figure 3.20), the arsD and arsA
genes are always linked directly to each other except on the L. innocua pLI100 where
they are separated by another arsR. In most cases (E. coli pR773, pR46, K. oxytoca
pMH12, A. multivorum pKW301 and S. typhimurium pR64), arsDAs are located
between arsR and arsB, forming arsRDABC. In Sinorhizobium sp. (As4), arsDA is
uniquely located between arsC and trxB. The arsDA genes were also found on the
halophilic archaea Halobacterium pNRC100, with arsDA organized divergently from
downstream arsRC genes; while on the A. caldus transposon, duplicated arsDAs were
found to be separate from arsB and with no arsR and arsC existing (Groot et al., 2003).

3.4.2 Alignment of the ArsR, ArsD and ArsA Proteins and the Non-coding
Regions before arsDs and arsAs of the arsDA-bearing ars operons
Since this study mainly deals with the unique organisation of the As4 ars gene cluster
and its regulation, the focus of analysis has been on the most relevant parts, arsR, arsD
and arsA.

An alignment of the nine ArsR proteins encoded by the known arsDA-bearing operons
(the sequence of the operon of A. caldus transposon is not available and the L. innocua
pLI100 has two ArsR-like proteins, Figure 3.20) highlights the regions for metalloidbinding (Figure 3.21). It shows that all the nine ArsR homologs contain the vicinal
cysteines (highlighted in yellow) within the metalloid binding domain, which were
demonstrated to be required for the metalloid binding and induction (Shi et al., 1994).
In addition to the two cysteines, the first five proteins also contain another cysteine
(highlighted in purple), which was revealed to be the third residue involved in metalloid
binding (Shi et al., 1996); while As4 ArsR lacks this cysteine residue, it contains a third
cysteine residue at the 71st postion (in the alignment) instead. The L. innocua pLI100
pli0036 protein also contains a third cysteine at the 68th position, whereas the other two
members in this alignment do not contain another cysteine near this region. From the
alignment, it is also found that within the putative helix-turn-helix DNA binding region
(residues 78-94), the Ser-83, Ser-88, His-90 and Leu-94 residues are highly conserved,
indicating that they might be of importance for DNA binding.
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Figure 3.21 A multiple sequence alignment of nine ArsR homologs encoded by the known arsDAbearing operons (L. innocua pLI100 has two ArsR-like proteins). The metalloid-binding consensus region,
ELCVCDL, is highlighted in grey, except for the cysteine residues. The two conserved cysteine residues
for induction are highlighted in yellow. The other conserved cysteine residue that As4 does not share is
highlighted in purple, while the cysteine that only As4 has is highlighted in pink and L. innocua pli0036
has in green. The other conserved residues within the Helix-turn-Helix region are highlighted in dark grey.
An asterisk indicates all proteins have identical residues; a dot indicates that the As4 residue is the same
as the consensus; a blank space indicates that the As4 does not share the consensus residue. Generated
using ClustalW (Thompson et al., 1994).
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.
Figure 3.22 A multiple sequence alignment of eight ArsD homologs encoded by the known arsDAbearing operons (the sequence of ArsD of transposon on A. caldus is not available). The conserved
cysteine residues at Cys12-Cys13 and Cys18 are highlighted in yellow. The other conserved cysteine
residues with which As4 does not share are highlighted in purple. The conserved sequence
AMCCSTGVCG is highlighted in grey. An asterisk indicates all proteins have identical residues; a dot
indicates that the As4 residue is the same as the consensus; a blank space indicates that the As4 does not
share the consensus residue. Generated using ClustalW (Thompson et al., 1994).
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From an alignment of eight ArsD homologs (Figure 3.22, the sequence of ArsD of
transposon on A. caldus is not available), it appears clearly that the ArsD protein of As4,
along with that of Halobacterium sp. pNRC100, only contains three conserved cysteine
residues at positions 12, 13 and 18, while the other ArsDs also have four more
conserved cysteines at 112, 113, 119 and 120. Li et al. (2001) have demonstrated the
involvement of the Cys112-Cys113, together with Cys12-Cys13 in metalloid binding.
The alignment also shows a conserved sequence of AMCCSTGVCG that may be
important for metalloid binding recognition or other functions.

An alignment of the As4 ArsA with seven other ArsA homologs (Figure 3.23, the
sequence of ArsA of transposon on A. caldus is not available) shows that the two
consensus sequences GKGGVGKT for the nucleotide binding sites (Li et al., 1996), the
four conserved cysteine residues, two histidine residues and one serine residue, which
were demonstrated to be involved in allosteric metal binding (Zhou et al., 2000), and
the two consensus DTAP sequences for signal transduction (Bhattacharjee et al., 2000)
are all present in the ArsA protein of As4.
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Sinorhizobium sp.(As4)

-------MTNLYNPNTIAFTPFLFFTGKGGVGKTSTACATAITLADMGKQ

L.innocua pLI100

--------MKLYQPDQLPLTKYLFFTGKGGVGKTTTACGTATYLADSGKK

A.multivorum pKW301

--------MKLLQN----IPPYLFFTGKGGVGKTSISCATAIHLAEQGKR

K.oxytoca pMH12

--------MKFLQN----IPPYLFFTGKGGVGKTSISCATAIRLAEQGKR

E.coli pR46

--------MKFLEN----IPSYLFFTGKGGVGKTSISCATAIRLAELGKR

E.coli pR773

--------MQFLQN----IPPYLFFTGKGGVGKTSISCATAIRLAEQGKR

S.typhimurium pR64

--------MQFLQN----IPPYLFFTGKGGVGKTSISCATAIRLAEQGKR

Halobacterium sp. pNRC100

MTATQTPAKEVVEPNS-EDTEFVFFSGKGGVGKSTVSCATATWLADNDYD
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Sinorhizobium sp.(As4)

VLLISTDPASNLQDVFEIELTNKPKEIPSVPNLQVANLDPETAAYEYKER

L.innocua pLI100

VMLVSTDPASNLQDVFQTELTNKGKEIPEVPGLTVANFDPVTAADDYKES

A.multivorum pKW301

VLLVSTDPASNVGQVFDLAIGNTIRPVTAVPGLSALEIDPQEAARQYRAR

K.oxytoca pMH12

VLLVSTDPASNVGQVFDQAIGNTIRPVTAVHGLSALEIDPQNAAQQYRAR

E.coli pR46

VLLVSTDPASNVGQVFDQTIGNTIQPVTAVSGLSALEIDPQDAAQQYRAR

E.coli pR773

VLLVSTDPASNVGQVFSQTIGITIQAIASVPGLSALEIDPQAAAQQYRAR

S.typhimurium pR64

VLLVSTDPASNVGQVFSQTIGNTIQAIASVPGLSALEIDPQAAAQQYRAR

Halobacterium sp. pNRC100

TLLVTTDPAPNLSDIFNQDIGHEVTAIDDVPNLSAIEIDPDVAAEEYRQE
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Sinorhizobium sp.(As4)

VVGPYRGKLPDAVIATMEEQLSGACTVEMAAFDEFSTLLTNKELTSKFDH

L.innocua pLI100

VVGPFRGKLPDSALANMEEQLSGSCTVEIAAFNEFSGFLTDPEAEKKYDY

A.multivorum pKW301

IVDPIKGLLPDDVVNSISEQLSGACTTEIAAFDEFTGLLTDASLLTRFDH

K.oxytoca pMH12

IVDPIKGLLPDDVVNSISEQLSGACTTEIAAFDEFTGLLTDGFLLTRFDH

E.coli pR46

IVDPIIGLLPDDVVNSISEQLSGACTTEIAAFDEFTGLLTDASLLTRFDH

E.coli pR773

IVDPIKGVLPDDVVSSINEQLSGACTTEIAAFDEFTGLLTDASLLTRFDH

S.typhimurium pR64

IVDPIKGVLPDDVVSSINEQLSGACTTEIAAFDEFTGLLTDASLLTRFDH

Halobacterium sp. pNRC100

TIEPMRALLGDEEIQTVEEQLNSPCVEEIAAFDNFVDFMDSPE----YDV
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Sinorhizobium sp.(As4)

IIFDTAPTGHTLRLLQLPTAWSGFLEESTHGASCLGPLAGLGDKKELYSQ

L.innocua pLI100

IIFDTAPTGHTLRMLQLPSAWSNFMDENTTGASCLGQLSGLGDKKEIYEH

A.multivorum pKW301

IIFDTAPTGHTIRLLQLPGAWSSFIESNPDGASCLGPMAGLEKQREQYAH

K.oxytoca pMH12

IIFDTAPTGHTIRLLQLPGAWSSFIESKPDGASCLGPMAGLEKQREQYAH

E.coli pR46

IIFDTAPTGHTIRLLQLPGAWSSFIESNPDGASCLGPMAGLEKQREQYAH

E.coli pR773

IIFDTAPTGHTIRLLQLPGAWSSFIDSNPEGASCLGPMAGLEKQREQYAY

S.typhimurium pR64

IIFDTAPTGHTIRLLQLPGAWSSFIDSNPEGASCLGPMAGLEKQREQYAY

Halobacterium sp. pNRC100

VVFDTAPTGHTIRLMELPSDWNAELEKG--GSTCIGPAASMDDKKADYER
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Sinorhizobium sp.(As4)

TVQALSNPNQTMLLLVTRPDSSPLQEAGRAAKELKEIGVNNQYLLINGVL

L.innocua pLI100

AVATLADGAKTTLMLVTRPQKAPLLEADRASKELQEIGIENQVLLVNGVL

A.multivorum pKW301

AVEALSDPERTRLVLVARLQNSTLQEVARTHEELAEIGLKNQYLVINGVL

K.oxytoca pMH12

AVEALSDPERTRLVLVARLQKSTLQEVARTHEELSAIGLKNQYLVINGVL

E.coli pR46

AVEALSDPERTRLVLVARLQKSTLQEVARTHDELSAIGLKNQYLVINGVL

E.coli pR773

AVEALSDPKRTRLVLVARLQKSTLQEVARTHLELAAIGLKNQYLVINGVL

S.typhimurium pR64

AVEALSDPKRTRLVLVARLQKSTLQEVARTHLELAAIGLKNQYLVINGVL

Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

TNYVQ-NDAISKALFTRQVRALENMSEELKGLPAYELPLVPFNVTGIENM

L.innocua pLI100

EEAT---DKVSQLIYDGQQEALAQMPDSLKAFPEYSIPLRSYNVTGVENL

A.multivorum pKW301

PEAEAEHDALAAAIWQREQEALANLPAGLSELPTDTLLLQPVNMVGVSAL

K.oxytoca pMH12

PKAEAEHDGLAAAIWQREQEALANLPSGLSELPTDTLLLQPVNMGGVSAL

E.coli pR46

PASEEKRDALAAAIWQREQEALANLPAGLSDLPTDNLYLQPLNMVGVSAL

E.coli pR773

PKTEAANDTLAAAIWEREQEALANLPADLAGLPTDTLFLQPVNMVGVSAL

S.typhimurium pR64

PKTEAANDTLAAAIWEREQEALANLPADLAGLPTDTLFLQPVNMVGVSAL

Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

R---KLVRPIESLSILDEIQEEIA--IPP--------LQNLIADLSETGK

L.innocua pLI100

R---QLLKSNQGE-FLTEIVTPRA--FPR--------LKDIVNELHQSGK

A.multivorum pKW301

K---GLLATRSEALPLPVTNILYT-PENLS-------LSGLVDDIARSEH

K.oxytoca pMH12

K---GLLDTRSETLPLPVNEHPCTRLENLS-------LSGLVDDIARSEH

E.coli pR46

K---GLLNEHAEITSLPEQSPQNK-PENMS-------LSVLVDDIARSEH

E.coli pR773

S---RLLSTQPVASPSSDEYLQQR-PDIPS-------LSALVDDIARNEH

S.typhimurium pR64

S---RLLSTQPVASPSSDEYLQQR-PDIPS-------LSALVDDIARNEH

Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

-RVIFTMGKGGVGKTTVASAIAVGLAEKGHRVH-LTTTDPAAHIDYVMHG

L.innocua pLI100

-KVIFTMGKGGVGKTTIAAAIATGLADKGKKVH-LATTDPAAHLQFVIS-

A.multivorum pKW301

-GLIMLMGKGGVGKTTMAAAIAVRLADMGFDVH-LTTSDPAAHLSTTLNG

K.oxytoca pMH12

-GLIMLMGKGVVGKTTMGAGIAVRVAEMGFDVAFLTTFDPGAHLSTTLNG

E.coli pR46

-GLIMLMGKGGVGKTTMAAAIAVSLADKGFNVH-LTTSDPAAHLSTTLNG

E.coli pR773

-GLIMLMGKGGVGKTTMAAAIAVRLADMGFDVH-LTTSDPAAHLSMTLNG

S.typhimurium pR64

-GLIMLMGKGGVGKTTMAAAIAVRLADMGFDVH-LTTSDPAAHLSMTLNG

Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

---------EQGNITISRIDPKVEVENYRKEVIEQAKDTVDE--------

L.innocua pLI100

---------ESDQIKVSHIDEDKELADYTEEVLSKARETMSP--------

A.multivorum pKW301

---------SLKNLQVSRINPHDETERYRQHVLETKGRDLDE--------

K.oxytoca pMH12

---------SLKNLQVSRINPHDETERYRQHVLETKGRDLDE--------

E.coli pR46

---------SLKNLQVSRINPHDETERYRQHVLETKGRDLDE--------

E.coli pR773

---------SLNNLQVSRIDPHEETERYRQHVLETKGKELDE--------

S.typhimurium pR64

---------SLNNLQVSRIDPHEETERYRQHVLETKGKELDE--------

Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

-EGLAYLEEDLRSPCTEEIAVFRALADIVEIANDEIVVIDTAPTGHTLLL

L.innocua pLI100

-DDVAYVEEDLRSPCTQEIAVFRAFAEIVDDADCDVVVIDTAPTGHTLLL

A.multivorum pKW301

-AGKRLLEEDLRSPCTEEIAVFQAFSRVIREAGKRFVVMDTAPTGHTLLL

K.oxytoca pMH12

-AGKRLLEEDLRSPCTEEIAVFQAFSRVIREAGKRFVVMDTAPTGHTLLV

E.coli pR46

-AGKRLLEEDLRSPCTEEIAVFQAFSRVIREAGKRFVVMDTAPTGHTLLL

E.coli pR773

-AGKRLLEEDLRSPCTEEIAVFQAFSRVIREAGKRFVVMDTAPTGHTLLL

S.typhimurium pR64

-AGKRLLEEDLRSPCTEEIAVFQAFSRVIREAGKRFVVMDTAPTGHTLLL

Halobacterium sp. pNRC100

EAAVANVEEELESPCAEEMAALEKFVSYFEEDGYDIVVFDTAPTGHTLRL
.**.*.***..*.*.. .

501

511

521

.

** *********..

531

541

Sinorhizobium sp.(As4)

LDAAQTYH-----KEIARSSGEV-PQSVKNLLPRLRNPEETSVVIVTLAE

L.innocua pLI100

LDSTQSYH-----KEVERTSGEV-PESVKRLLPRLQDGKETEVVMVTLPE

A.multivorum pKW301

LDATGAYH-----REIAKKMGSK-GHFTTPMM-QLQDPDRTKVLLVTLPE

K.oxytoca pMH12

LDATGAYH-----REIAKKMGSK-GHFTTPMM-QLQDPDRTKVLLVTLPE

E.coli pR46

LDATGAYH-----REIARKMGDK-GHFTTPMM-QLQDQERTKVLLVTLPE

E.coli pR773
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S.typhimurium pR64
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Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

ATPVHEASRLQGDL-KRAEIHPKWWVINQSFYATHTIDPVLKGRSQSEVP

L.innocua pLI100

TTPVYESMRLQEDL-DRAGIAHTWWVVNNSMLTSGTTNPMLLARAQNENT

A.multivorum pKW301
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TTPVLEAANLQADL-ERAGIHPWGWIINNSLSIADTRSPLLCQRARQEQP

E.coli pR46
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E.coli pR773
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S.typhimurium pR64

TTPVLEAANLQADL-ERAGIHPWGWIINNSLSIADTRSPLLRMRAQQELP

Halobacterium sp. pNRC100
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Sinorhizobium sp.(As4)

WIQEVQKESQHNCVIIPWQSEDVIGYEKLKELTVQ---------------

L.innocua pLI100

WIDKVAELSNNHYGVVEWHAEEISG-EALHNILN----------------

A.multivorum pKW301

QIEAVKNQHADRIALVPVLASEPAGIEKLRELMS----------------

K.oxytoca pMH12

QIEAVKNQYANRIALVPVLTSEPAGIEKLRELMS----------------

E.coli pR46

QIEVVKNQHASRIALVPVMAAEPTGIEKLRELVV----------------

E.coli pR773

QIESVKRQHASRVALVPVLASEPTGIDKLKQLAG----------------

S.typhimurium pR64

QIESVKRQHASRVALVPVLASEPTGIDKLKQLAG----------------

Halobacterium sp. pNRC100
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Figure 3.23 A multiple sequence alignment of eight ArsA homologs encoded by the known arsDAbearing operons (the sequence of ArsA of transposon on A. caldus is not available). The two consensus
sequences for the nucleotide binding sites are highlighted in pink, the four conserved cysteine residues,
two histidine residues and one serine residue for allosteric-binding are highlighted in yellow, and the two
consensus DTAP sequences for signal transduction are highlighted in blue. An asterisk indicates all
proteins have identical residues; a dot indicates that the As4 residue is the same as the consensus; a blank
space indicates that the As4 does not share the consensus residue. Generated using ClustalW (Thompson
et al., 1994)

The non-coding regions upstream of arsD and arsA coding sequences from the As4 ars
gene cluster were compared with those from other ars operons. The alignment of the
non-coding regions before arsAs (There is no non-coding region between the arsD and
arsA in the ars operon of Halobacterium sp. pNRC100, Figure 3.24 A) shows that the
first five members in the group share highly conserved sequences, while L. innocua
pLI100 only shares the same SD sequence with the former five members. Neverthless,
the sequence from the As4 ars gene cluster is significantly different from others, even in
the region of SD sequence.
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An alignment of the non-coding regions before arsD coding regions displays a
surprising pattern (There is no non-coding region between the arsR- and arsD-like
proteins in the L. innocua pLI100, Figure 3.24 B). The sequence from As4 shares more
than 80% identities with those from the first five members, although the putative SD
sequence of As4 (GAAGA) is different from the others (GAGG). It was found that the
non-coding region before arsD from As4 ars gene cluster contained two inverted
repeats (Figure 3.24 B) and a sequence TCTCN7TTTG that is similar to the ArsR
binding site (TCATN7TTTG) found on E. coli pR773 and chromosome ars operons.
These feature sequences were not found in the other six ars operons in the alignment.
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K. oxytoca pMH12

---------------GTATGTCAGGAGGACAT-----

E. coli pR46

---------------GTATGTCAGGAGGACAT-----

E. coli pR773

---------------GTATATCAGGAGGACAT-----

S. typhimurium pR64

---------------GTATATCAGGAGGACAT-----

A. multivorum pKW301

---------------ATATGTCAGGAGGACAT-----

L. innocua pLI100

-AATGATGATGTTAAATTTAA-AGGAGGAAACCAAAC

Sinorhizobium sp.(As4)

-------------AGAAAGAAGTGAAAGGCA------
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K. oxytoca pMH12

-----------------------------------------------AAA

A. multivorum pKW301

TGGCATCGGCAAACTGCTCTGGTAGCGGTAAGGCTGTTTGCATCTAAAAA

E. coli pR773

--------------------------------------------TAAAAA

S. typhimurium pR64

-----------------------------------------------AAA

E. coli pR46

-----------------------------------------------AAA

Sinorhizobium sp.(As4)

-------------------------------------TTGAAAACTAAAT

Halobacterium sp. pNRC100

---------------------------------TATGAACAAACAGTAAA
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K. oxytoca pMH12

ATTTG-----CCTTGAATATATGTGA------TTTTTCGAATGT--GAG

A. multivorum pKW301

ATTTG-----CCT-GAACATATGTGT------TTTTTCGAATGTATGAG

E. coli pR773

ATTTG-----CCT-GAACATATATGT------TTTATCAAATGC--GAG

S. typhimurium pR64

ATTTG-----CCT-GAACATATATGT------TTTATCAAATGC--GAG

E. coli pR46

TTTTG-----CCT-GTACATATATGT------TTTTACGAATAT--GAG

Sinorhizobium sp.(As4)

ATTTGT--AGCCGAGAATCTTTTCTCGGCTTCTTTTGTAAAGAAGGGAA

Halobacterium sp. pNRC100

ATGAGACAAACCG-GTTCAGCTCAGTGCTGGAGATGACTCGGTGTATCGC

101

111

121

131

K. oxytoca pMH12

GTATTCAGA-------------------------

A. multivorum pKW301

GTATTCAGA-------------------------

E. coli pR773

GTATTTAAG-------------------------

S. typhimurium pR64

GTATTTAAG-------------------------

E. coli pR46

GTGTTAAAG-------------------------

Sinorhizobium sp.(As4)

GAAATCAAAG------------------------

Halobacterium sp. pNRC100

CTACTCAATCGAACAACTCCCTTCGATCCACGAA

B
Figure 3.24 Multiple nucleotide sequence alignments of non-coding regions before arsAs (A) and noncoding regions before arsDs (B). Generated using ClustalW (Thompson et al., 1994). The consensus
sequences are highlighted in grey; the putative Shine-Dalgarno sequences are highlighted in blue except
that of As4, which are highlighted in yellow. In Figure B, the two inverted repeats of As4 are indicated
75

3.4.3 Phylogenetic Analysis of the ArsR, ArsD and ArsA Proteins
Based on the alignments, the phylogenetic trees for ArsR, ArsD and ArsA were
generated (Figure 3.25). It was found that these three Ars proteins from E. coli pR773,
pR46, K. oxytoca pMH12, A. multivorum pKW301 and S. typhimurium pR64, on which
the ars operons organized as arsRDABC, tended to group together with the distances
normally less than 0.1 [except for ArsR from A. multivorum pKW301, which only has
84 amino acids instead of 116 amino acids as other ArsRs because of a insertional
mutation of a nucleotide at position 122 of the arsR gene, (Suzuki et al., 1998)],
indicating that these ars operons probably have evolved from one ancestor. The
sequence identities showed in Table 3.3 support this, with the Ars proteins from these
operons sharing more than 80% identities when compared with those of the well-studied
E. coli pR773 ars operon. On the contrary, the Ars proteins from the other three ars
operons seem to be distinct from the above group, which could be seen from both the
Figure 3.25 and Table 3.3. The As4 Ars proteins seem to be more related to their
counterparts of L. innocua pLI100 (Gram-positive) than to those of archaea
Halobacterium pNRC100, although all the distances from each other exceed 0.5.

A: ArsR family

E. coli pR773
0
S. typhimurium pR64
E. coli pR46
0.052
K. oxytoca pMH12
0.015
A. multivorum pKW301
0.067

0.459

0.047

0.476
0.526

Halobacterium sp.

1.002
0.396
0.585
0.396
0.068

L. innocua pLI100 pli0034
L. innocua pLI100 pli0036
Sinorhizobium sp. As4

0.981
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B: ArsD family
0.170

0.528
0.633

Sinorhizobium sp. As4

L. innocua pLI100 pli0035

0.364

0.047
E. coli pR46

Halobacterium sp.

0.654

K. oxytoca pMH12
0.028
A. multivorum pKW301

0.021
0.018

0.088

E. coli pR773
0.005
S. typhimurium pR64

C: ArsA family
0.017
A. multivorum pKW301
0.029
K. oxytoca pMH12

0.048
0.056

E. coli pR46

E. coli pR773
0.033 0.004
S. typhimurium pR64
0.196
0.355

0.342

0.241

L. innocua pLI100 pli0037

Sinorhizobium sp. As4
Halobacterium sp.

0.839

Figure 3.25 Phylogenetic trees for ArsR (A), ArsD (B) and ArsA (C) proteins of arsDA-bearing operons.
Sequence relationships were determined using the program of Phylogenetic Analysis available on ANGIS
network service. The figures represent the matrix distances which were determined based on the sequence
alignments. The units of distance are arbitrary.
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Table 3.3 Sequence identities between E. coli pR773 Ars proteins and their
counterparts encoded by the known arsDA-bearing ars operons
Source

ArsR

ArsB

ArsC

ArsD

ArsA

E. coli pR46

87.2%

93.5%

92.2%

88.3%

86.6%

A. multivorum pKW301

80.5%

93.0%

95.0%

86.7%

87.3%

K. oxytoca pMH12

87.9%

93.0%

93.3%

89.2%

85.0%

S. typhimurium pR64

100%

98.8%

100%

99.2%

99.8%

L. innocua pLI100

35.3% (pli0036)
33.3% (pli0034)

57.1% (pli0038)
32.1% (pli0039)

/

45.4%

49.9%

Sinorhizobium sp. (As4)

33.0%

22.3%

20.5%

35.0%

50.4%

Halobacterium pNRC100

45%

32.6%

33.7%

39.1%

/

Values obtained using the BestFit program (GCG) (Henikoff and Henikoff, 1992). Gap creation penalty =
5, Gap extension penalty = 1.
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Chapter 4: DISCUSSION

Arsenic resistance genes have been widely found on both the chromosomes and
plasmids of various bacteria and are usually arranged in a single operon (Rosen, 1999;
Butcher and Rawlings, 2002; Ryan and Colleran, 2002; Silver et al., 2002). The arsenic
resistant Sinorhizobium sp. (As4) isolated from a cattle-dip site was found to be able to
grow actively in medium with very high concentrations of arsenicals. The ars gene
cluster cloned from it exhibits some unique features. The present project has focused on
the regulation aspects of this gene cluster.

4.1 As4 ars GENE CLUSTER - A SINGLE OPERON OR
TWO SUB-OPERONS?
Regarding the transcriptional regulation of the gene cluster, two hypotheses have been
proposed. It has been assumed that it contained only one operon, but with some
unknown regulatory mechanism. The cluster could be transcribed as a short mRNA
(arsRBC) or a long mRNA (arsRBCDAtrxB) depending on the concentrations of
inducers (Xu, personal communication). Alternatively, the gene cluster may contain two
sub-operons, with arsRBC and arsDAtrxB transcribed separately under the regulation of
their respective promoters (Wang, 2001).

In this study, reporter gene analysis was employed first to determine whether this gene
cluster is a single operon or two sub-operons. It is reasonable to assume that if two suboperons exist in this cluster, there should be a promoter before arsD that controls the
expression of the arsDA and the downstream genes. A series of plasmids were
constructed, in which the promoterless reporter gene lacZ was fused downstream to the
promoter ParsR or the putative promoter ParsD, respectively, and then β-galactosidase
assays were conducted. In this study, the effects of arsenite on the growth inhibition of
the bacterial cells were taken into account when the activities of the β-galactosidase in
the Miller units were calculated. However, the effect of arsenite on the efficacy of the βgalactosidase reactions was not considered, like in many other ars gene studies of other
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microorganisms using β-galactosidase assays, since this effect for all the constructs was
presumed to be approximately equal (Wu et al., 1992; Shi et al., 1996; Chen and Rosen,
1997; Xu and Rosen, 1997; Butcher and Rawlings, 2002).

The results (Figure 3.3 and 3.17) showed that the activities of β-galactosidase were
strong and could be induced by arsenite, when the arsR and lacZ genes were under the
control of the ParsR promoter (pCW15 and pZX11). On the contrary, when the lacZ was
under the control of the putative ParsD promoter (pCW16, pCW17 and pZX13), the
activities of β-galactosidase in the cells bearing these plasmids were much lower
(probably due to the non-promoter background expression) and could not be induced by
arsenite. However, when the promoterless lacZ gene was fused at the downstream of
arsRBCD (pCW20), the expression of lacZ in the E. coli/pCW20 displayed a similar
induction pattern as that in the cells bearing pCW15. This indicated that on pCW20, it
was ParsR that controlled the lacZ gene, although the lacZ gene was located immediately
downstream of the putative ParsD.

To test if the trxB gene is part of the As4 ars gene cluster and transcribed together with
the ars genes, another reporter gene plasmid, pZX14 (the lacZ gene translationally
fused to the 165th codon of trxB, Figure 3.1), was constructed and the β-galactosidase
activity of the E. coli cells bearing this plasmid was assayed (Figure 3.3). Activity was
found to be very low in either the presence or absence of arsenite. At the same time, in
the cells bearing pZX12 (the lacZ gene translationally fused at the downstream of
arsRBCDAT∆), the expression of lacZ displayed a similar pattern as that in E.
coli/pZX11 (the lacZ gene translationally fused at the downstream of arsRBC∆). This
suggested that the trxB gene did not have a separate promoter and on pZX12, the lacZ
gene was also controlled by ParsR.

The reporter gene analysis (Section 3.1 and 3.2) indicated that there was no promoter
activity detected in the upstream region of arsD and the gene cluster only contained a
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single operon. This seemed to contradict the result from the northern blot analysis
performed by Wang (2001), in which a probe covering arsRB only detected a short
mRNA of about the size of arsRBC (Section 1.3.2). Therefore, a RT-PCR analysis was
conducted (Section 3.3), as a complementary approach. It was observed that the PCR
products covering the non-coding region between arsC and arsD (including the putative
termination site) were obtained [except using the template 2* (induced sample)],
suggesting that the mRNA may be “read through” over this predicted transcriptional
terminator, which is consistent with the results obtained from the reporter gene analysis.

Therefore, combining the results from the reporter gene assays and the RT-PCR
analysis, it is reasonable to conclude that no As inducible promoter activity exists in the
upstream region of arsD, and the As4 ars gene cluster may be a single operon.

The reported failure to detect the full transcript using a northern blot analysis (Wang,
2001) may be ascribed to the fact that this is, first, the least sensitive of the common
methods for doing expression analysis. Secondly, the sensitivity of the northern blot
analysis is further compromised by its susceptibility to RNA degradation
(www.ambion.com/techlib/tb/tb_500.html). It can be seen that in the photo image of the
northern blot analysis, the intensity of the hybridization signal is relatively low (Figure
1.15 C). This resulted in only short mRNA bands being detected. This may be either
because most transcripts stop at the non-coding region in front of arsD due to the
putative transcription terminator or because most of the long transcripts were degraded
to short ones as a consequence of post-transcriptional regulation (see later). Expression
analysis using RT-PCR yields greater sensitivity, and suffers less from the problem of
RNA degradation (www.ambion.com/techlib/tb/tb_500.html). Therefore, in spite of the
possible termination of most transcripts before arsD and mRNA degradation, a very low
amount of RNA crossing arsC and arsD could be reverse transcribed to cDNA, and thus
be amplified by PCR.
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4.2 FUNCTION OF ArsR AND ArsD IN THE As4 ars
OPERON REGULATION
The arsR gene is commonly found in ars operons and its regulatory function has been
determined in several of them (Rosenstein et al., 1992; Wu and Rosen, 1993b; Xu et al.,
1996; Sato and Kobayashi, 1998; Butcher and Rawlings, 2002). Although ArsR
regulatory proteins share a low overall homology, an ELC32VC34DLC37 consensus
sequence for metal-binding was found in all those ArsRs that have been functionally
investigated (Shi et al., 1994), except that of A. ferrooxidans (Butcher and Rawlings,
2002). All the three cysteine thiolates in the metalloid-binding domain have been shown
to be arsenic ligands, but only the Cys-32 and Cys-34 were required for induction (Shi
et al., 1996). Although the ArsR protein from As4 is only 37.1% identical to the wellcharacterized ArsR protein from E. coli pR773, a putative metalloid-binding region
(ECCVCELL, Figure 3.21) in the As4 ArsR has been identified, which resembles the
consensus sequence. It is interesting that the As4 ArsR has a cysteine residue at the
second position of the metalloid-binding domain instead of at the last position like
others. Upstream of the –35 region of the As4 ars operon, there is an inverted repeat of
5’-ATTAAAT-3’ separated by 7 bp (Figure 1.12), which may be the operator region of
the operon.

The presence of arsenite stimulated mRNA production (Wang, 2001), indicating that the
regulation of the As4 ars genes occurred at the transcriptional level. The results from
the β-galactosidase assays also showed that the expression of lacZ on pCW15 and
pZX11 were regulated by ArsR (Figure 3.3 and 3.17). It is reasonable to presume that
the regulatory mechanism of As4 ArsR is similar to that of the other members of the
ArsR family. That is, in the absence of inducer, the ArsR protein binds to the operator,
thus repressing the expression of the other ars genes; while in the presence of inducer,
the three cysteine thiolates in the metalloid-binding domain form bonds with As(III),
producing a conformational change in ArsR that results in its dissociation from the
operator DNA and transcriptional derepression. However, it is not clear which two
82

cysteine residues in the conserved As4 ArsR metalloid-binding domain are involved in
the induction, since the three cysteines are so close to each other.

It should be noted that the β-galactosidase assays were carried out in E. coli JM109 cells,
which contain a chromosomal arsRBC operon, so the possibility of the cross-talk
between the E. coli and As4 ars regulons might exist. For example, the ArsR expressed
by the chromosomal arsR gene of JM109 may bind to the putative promoter region of
As4 and vice versa, which is yet to be confirmed by further experiment such as
functional complementation analysis.

The arsD gene is only present in a few ars operons (Figure 3.20). So far, only the ArsD
from pR773 has been functionally studied. The pR773 ArsD was reported to repress
transcription when the major repressor, ArsR, is dissociated from the arsRDABC
promoter at low concentrations of inducer, thus preventing overexpression of arsB since
ArsB is toxic at a high concentration. However, when the concentration of inducer is
high, ArsD can dissociate from the operator, resulting in derepression of the
transcription (Wu and Rosen, 1993a; Chen and Rosen, 1997).

The results from the reporter gene assays (Section 3.2) showed that in E. coli/pCW20
(containing both arsR and arsD), the expression of lacZ was lower than that in E.
coli/pCW15 (only containing arsR) when the concentration of arsenite was low (10 µM
or 100 µM). However, when the concentration of arsenite was raised to 1 mM, the βgalactosidase activity still increased in E. coli/pCW20, but it decreased in E. coli/
pCW15. This suggested that the As4 ArsD functioned as a second repressor and only in
the presence of high concentration of arsenite, could the ArsD repression be released.
However, its regulatory function needs to be confirmed by further experimental work,
such as gel mobility shift and DNase I footprinting assays.
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The As4 ArsD shares 35% overall identity with the pR773 ArsD. The alignment of the
ArsD proteins (Figure 3.22) shows that the As4 ArsD protein does not contain the
vicinal cysteine pair, Cys112-Cys113, which has been demonstrated to be necessary for
the induction function of the pR773 ArsD (Li et al., 2001; Li et al., 2002). It only
contains one vicinal cysteine pair, Cys12-Cys13, and a single cysteine residue, Cys18,
which are located within the conserved sequence AMCCSTGVCG (Figure 3.22).

Additionally, the non-coding region in front of arsD of the As4 ars operon was found to
share consensus sequence with the arsRDABC operons (Figure 3.24 B), although the
As4 Ars proteins show low similarities to their counterparts from the arsRDABC
operons (Table 3.4), indicating that this region may be an ancestral relic of the arsDA
operon. Although it has been shown that this region does not contain an active promoter
(Section 3.1 and 3.2), some regulatory elements may still remain there. Actually, two
inverted repeats (symmetrical dyad sequences) including a putative transcriptional
terminator were found in this region. However, the function of the potential terminator
needs to be clarified in the future experiment, for example, through inserting this region
into a construct to check whether it is able to block or reduce known levels of
transcription of a reporter gene from a given promoter. Additionally, a sequence of
TCTCN7TTTG that is similar to the ArsR binding site (TCATN7TTTG) in E. coli ars
operons was found in this region of the As4 ars operon as well, which may serve as
signals for some unknown regulatory mechanisms uniquely employed by the As4 ars
gene cluster.

Therefore, it is reasonable to assume that the regulatory mechanism of the As4 ArsD
may be different from that of the pR773 ArsD. Instead of having two vicinal cysteine
pairs involved in inducer-binding, the ArsD protein of As4 has only one pair of
cysteines within the conserved sequence for metalloid-binding and induction like ArsR
proteins. Moreover, the As4 ArsD may bind to the putative regulatory elements within
the non-coding region in front of arsD to regulate the expression of the arsDA and
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downstream genes rather than binding to the front operator to regulate the expression of
the whole operon as does the pR773 ArsD.

4.3 SPECULATIONS ABOUT THE REGULATORY
MECHANISM OF THE As4 ars OPERON
The results from reporter gene and RT-PCR analyses indicate that the As4 ars gene
cluster is a single operon with both ArsR and ArsD regulating its transcription.

While the hypothesis for the As4 ars gene cluster containing two sub-operons may lose
favour, the speculation that the cluster could be transcribed to both a short mRNA
(arsRBC) and a long mRNA (arsRBCDAtrxB) seems to be reasonable. A model to
explain the regulatory mechanism of the As4 ars operon can be proposed. It is assumed
that the main repressor ArsR binds to the operator in front of arsR to regulate the
expression of the whole operon; while the constitutively expressed ArsD binds to the
putative regulatory elements within the non-coding region in front of arsD, thus
blocking or interfering with transcription of the downstream genes. In the presence of
low concentrations of arsenic, most transcripts stop at the putative transcriptional
terminator between arsC and arsD, because the binding of ArsD on the DNA halts the
RNA polymerase. The expression of arsRBC is sufficient for the organism to resist low
concentrations of arsenic. In the presence of high arsenic concentrations, ArsD is bound
by arsenite and dissociates from the regulation site, so more long transcripts
(arsRBCDAtrxB) can be produced. The ArsA translated from the long transcripts can
bind ArsB to form an ATPase driven pump, thus increasing arsenic resistance.

Alternatively, it can be assumed that the inverted repeats within the non-coding region
in front of arsD may form stem-loop and thus regulates the expression of downstream
genes at the post-transcriptional level. It is known that RNase III can recognize stemloop structures and cleave the mRNA in the internal loop, hence affects the rate of
mRNA degradation (Takata et al., 1989; Altuvia et al., 1991; Sukchawalit et al., 2001).
85

Therefore, it is possible that the As4 ars mRNA is processed by an RNase III-like
enzyme at this region, resulting in the degradation of the arsDAtrxB part of the mRNA.
Actually, the ars transcripts have been reported to be very unstable. For instance, the
transcript of the ars operon on pR773 was reported to cleave to two fragments within
the arsB sequence (Owolabi and Rosen, 1990); Butcher and Rawlings (2002) also stated
that the degraded transcript smear of arsRC was observed when northern blot analysis
was performed to investigate the number and size of transcripts of the ars genes from A.
ferrooxidans. However, in the As4 ars operon, there may exist some more delicate
regulation that can maintain certain levels of long transcript (arsRBCDAtrxB) allowing
the organism to survive in the presence of high arsenite concentration.

These ideas may help to explain why the expression of lacZ is higher in the cells
bearing pZX11 and pCW15 than those harbouring pZX12 and pCW20, respectively, in
the presence of low concentration of arsenite, and why the expression of lacZ still
increased in the cells harbouring pCW20 and pZX12 in response to the high
concentrated arsenite (Figure 3.3 and 3.17). However, more experimental evidence is
needed to clarify the detailed regulatory mechanism of the As4 ars operon and to
investigate the advantage of the regulation.

4.4 EVOLUTION OF THE As4 ars OPERON
It has been proposed that the arsD and arsA genes once formed a separate operon,
which contained a promoter, and the original function of arsD was to regulate the
expression of arsA (Rosen, 1999; Driessen et al., 2000). The arsRDABC operons that
confer higher levels of resistance probably originated from the insertion of the arsDA
genes into the more common arsRBC operons (Rosen, 1999; Li et al., 2001). The
insertion of arsDA between arsR and arsB may be a random accident, and during
evolution the promoter before arsD was lost, so the two operons - arsDA and arsRBC
integrated to one operon - arsRDABC, and the ArsD became a second regulator to cocontrol the entire ars operon with ArsR. The fact that all the Ars proteins of identified
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arsRDABC operons are >80% identical within each family (Table 3.4) and even the
DNA sequences of the non-coding regions before arsDs and arsAs are very similar
(Figure 3.24) suggests that these arsRDABC operons are from one ancestral operon.

The As4 Ars proteins share high identities with the putative Ars proteins from Grampositive bacterium Listeria innocua plasmid pLI100 (Table 3.3). For example, the ArsR,
“ArsB”, ArsD and ArsA proteins from the As4 ars operon are 44.8%, 81%, 49.1% and
58% identical to the pli0036, pli0039, pli0035 and pli0037 proteins from L. innocua
plasmid pLI100, respectively. Interestingly, besides the four genes coding for these
proteins, the putative ars gene cluster from L. innocua plasmid pLI100 has additional
arsR- (pli0034) and arsB-like (pli0038, which is more similar to the normal arsB) genes,
but lacks arsC-like gene, so the putative ars genes are organized as arsRDR’ABB’
(Figure 3.20). The As4 Ars proteins also share high identities with their counterparts
from Bacillus subtilis SKIN element [on which the putative ars genes organized as
arsR(orf2)BC], which is also a Gram-positive bacterium (Table 1.2), but only exhibit
relatively weak homologies to those corresponding proteins produced by the arsRDABC
operons on the plasmids of Gram-negative bacteria. For example, the ArsR, “ArsB”,
ArsC, ArsD and ArsA proteins from the As4 ars operon are only 33.0%, 22.3%, 20.5%,
35.0% and 50.4% identical to their counterparts from E. coli pR773 (Table 1.2). Besides
the As4 ars operon, no other ars operons on which the ars genes are organized as
arsRBCDA have been found so far. Therefore, based on the obtained information, it is
impossible to determine the origin of the As4 ars operon, but it seems that As4 ars
operon may have evolved from a three-gene operon in a Gram-positive organism by
acquisition of an arsDA operon at the end of arsC. The origin of the downstream trxB
and possibly other genes further downstream remains unknown.
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4.5 DIRECTIONS FOR FUTURE STUDIES
The As4 ars gene cluster, as a novel member of the bacterial ars operon family, exhibits
some distinct features. Detailed information about this cluster will not only identify
unknown gene of ars operons and elucidate some novel gene regulation mechanism but
will also help us to understand the evolution, organization and regulation of the arsenic
resistance genes in general. Furthermore, the study may set a foundation for future
applications in the area of bioremediation of arsenic contaminated sites. Although some
progress has been made on this cluster, including that reported in this thesis, many
questions remain to be answered. At least three aspects of future studies can be
proposed.

In this study, it has been suggested that the transcription of the As4 ars gene cluster was
directed by a single promoter and regulated by two repressor proteins in the model
bacterium E. coli. Although both Sinorhizobium sp. and E. coli are Gram-negative
bacteria, the function and regulation of this cluster in these two systems may be
different to some extent. Therefore, studies on this gene cluster in the original host
species should be conducted in the future.

Although the regulatory function of ArsR and ArsD proteins expressed by the As4 ars
gene cluster has been demonstrated in this study, more detailed analysis is necessary to
comprehend the regulatory mechanism, especially that of ArsD. Bioinformatic analysis
showed that the As4 ArsD protein is different from most of the known ArsD proteins in
terms of amino acid sequences, especially its lack of a C-terminal region that contains
an essential vicinal pair of cysteines in other ArsDs. Therefore, studies such as
functional complementation and/or generation of hybrid molecules should be conducted
to reveal the differences between the As4 ArsD and other ArsDs. Additionally,
experimental work is also required to investigate the metalloregulatory properties of
As4 ArsD. For example, gel mobility shift and DNase I footprinting assays should be
able to reveal whether it binds to the same operator site as ArsR or if it can bind to some
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special DNA sequence located between arsC and arsD. Reporter gene assays and/or
fluorescence measurements could be conducted to determine its metal binding site by
mutating the cysteine residues of ArsD and examining their response to the inducer.

The reporter gene assays showed that the trxB gene was transcribed together with the
ars genes in As4 ars operon (Section 3.1). Thioredoxin has been reported to be the
electron source for ArsCsa, and the As4 ArsC protein is highly homologous to the
members of the ArsCsa family, which may explain why Sinorhizobium sp. (As4)
showed especially high resistance to arsenate (Xu, personal communication). However,
no genes that encode the thioredoxin or thioredoxin reductase have been reported in the
ars operons previously. Therefore, a determination of whether the trxB gene is indeed
part of the ars cluster and, if so, how the TrxB coordinates with ArsC would be another
worthy future project.
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APPENDIX 1: BACTERIAL MEDIA
LB Medium (1 litre):
Bacto-tryptone
Yeast extract
NaCl
PH 7.5

10 g
5g
10 g

LB Agar (1 litre):
LB medium
Agar

1 litre
15 g

SOB Medium (1 litre):
Tryptone
Yeast extract
NaCl (1 M)
KCl (1 M)
Autoclave and add MgSO4

20 g
5g
10 ml
2.5 ml
10 mM

SOC Medium (100 ml):
SOB medium
Glucose

100 ml
20 mM

2YT Medium (1 litre):
Bacto-tryptone
Yeast extract
NaCl
PH 7.0

16 g
10 g
5g
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APPENDIX 2: BUFFERS AND SOLUTIONS
0.8% TAE agarose gel + ethidium bromide (100 ml):
Agarose
0.8 g
1X TAE
100 ml
EtBr
1.5 µg
Loading dye (10 ml):
Bromophenol blue
Xylene cyanol FF
Ficoll

0.025 g
0.025 g
1.5 g

NETS buffer (1 litre):
NaCl
Tris-HCl (pH 8.0)
EDTA (pH 8.0)
SDS
Before use, add β-Mercaptoethanol to 0.1% (V/V)

0.1 M
10 mM
1 mM
1% (W/V)

TAE buffer 50X (1 litre):
Tris base
Glacial acetic acid
EDTA (0.5M, pH 8.0)
pH 7.0-7.5

242 g
57.1 ml
100 ml

Z buffer (1 litre):
Na2HPO4.7H2O
NaH2PO4.H2O
KCl
MgSO4. 7H2O
Adjust pH to 7.0
Before use, add β-Mercaptoethanol to 50 mM
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60 mM
40 mM
10 mM
1 mM

APPENDIX 3: NUCLEOTIDE SEQUENCES OF PCR
PRODUCTS IN THIS STUDY
Appendix 3.1: Nucleotide Sequence Comparison of As4-17-20 (PCR Product
Amplified from pZX4 Using As4-17 and As4-20 Primers) with the ars Gene
Cluster of Sinorhizobium sp. (As4)

As4-17-20

1 AAGAATTCCCAAAATAATCGTTGCAAAAGGGATGAGCTAATGTATAAAAA 50
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-17-20

123 AAGAATTCCCAAAATAATCGTTGCAAAAGGGATGAGCTAATGTATAAAAA 172

51 GGGGGGATATTTTTGATTGATCAATTATTTATTGTGGGGATATACCTACT 100
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-17-20

173 GGGGGGATATTTTTGATTGATCAATTATTTATTGTGGGGATATACCTACT 222

101 AATCATTTTTATGTGTACATATATCACATTAGAGTATCAACAGCATAAAA 150
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

223 AATCATTTTTATGTGTACATATATCACATTAGAGTATCAACAGCATAAAA 272

As4-17-20

151 TGAGTAGAAATCATTATGTAGTATGGTTAGTTGCTGTTTTTTTAACAGGA 200
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

273 TGAGTAGAAATCATTATGTAGTATGGTTAGTTGCTGTTTTTTTAACAGGA 322

As4-17-20

201 CCATTCGGTTTCCTTTTATACCTGTTATGTGGAAAGAGATACAACGGTCT 250
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

323 CCATTCGGTTTCCTTTTATACCTGTTATGTGGAAAGAGATACAACGGTCT 372

As4-17-20

251 GTAAGAATACGCTGTAAAGAAGTATTGTAAAGGTTTTGTAAAAAATGAGC 300
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

373 GTAAGAATACGCTGTAAAGAAGTATTGTAAAGGTTTTGTAAAAAATGAGC 422

As4-17-20

301 TTTTCAGTTGAATATATAAGCGGTTAATTATATACTTATTTCAAGAGGGA 350
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

423 TTTTCAGTTGAATATATAAGCGGTTAATTATATACTTATTTCAAGAGGGA 472

As4-17-20

351 GAGAAAATTAAATATGAATCCATTTAATGAATATTACGTTTAATTTTTAC 400
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

473 GAGAAAATTAAATATGAATCCATTTAATGAATATTACGTTTAATTTTTAC 522
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As4-17-20

401 TCAACATATAAGTATATGCTTATGCAATTATGAAAAGGAGGTATAGATAT 450
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-17-20

523 TCAACATATAAGTATATGCTTATGCAATTATGAAAAGGAGGTATAGATAT 572

451 GGAAAAAACGGTTATAGAATTAACAAGAGTGTCACAGTTATTAAAGCTAC 500
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-17-20

573 GGAAAAAACGGTTATAGAATTAACAAGAGTGTCACAGTTATTAAAGCTAC 622

501 TAGGAGACAAAACAAGGCTAACAATAGTATCAATTCTCAAACAACGTGAG 550
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

623 TAGGAGACAAAACAAGGCTAACAATAGTATCAATTCTCAAACAACGTGAG 672

As4-17-20

551 TGTTGTGTATGTGAATTACTTGAAGTATTTGATATGAGTCAGCCTTCTAT 600
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

673 TGTTGTGTATGTGAATTACTTGAAGTATTTGATATGAGTCAGCCTTCTAT 722

As4-17-20

601 TAGTCAGCATCTTAGGAAATTAAAGGATTTAGGTTTAGTACAAGAAGAGC 650
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

723 TAGTCAGCATCTTAGGAAATTAAAGGATTTAGGTTTAGTACAAGAAGAGC 772

As4-17-20

651 GGAGAGGTCAGTGGATTTATTATTCTTTAAATCAAGCAAGTGATTTATAC 700
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

773 GGAGAGGTCAGTGGATTTATTATTCTTTAAATCAAGCAAGTGATTTATAC 822

As4-17-20

701 ACAATTTTAGAAGATGTTTTAGCGCATGTACCAGACCAAACAGAGAAAAT 750
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

823 ACAATTTTAGAAGATGTTTTAGCGCATGTACCAGACCAAACAGAGAAAAT 872

As4-17-20

751 TAAACAAATTGAGAAGAGCAATCCTACACTCCGGTGTGGTTGTTAATAAA 800
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

873 TAAACAAATTGAGAAGAGCAATCCTACACTCCGGTGTGGTTGTTAATAAA 922

As4-17-20

801 TAGTCAGAAAGGGAAGTGAGAAGGATGAG 829
|||||||||||||||||||||||||||||

As4

923 TAGTCAGAAAGGGAAGTGAGAAGGATGAG 951
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Appendix 3.2: Nucleotide Sequence Comparison of As4-19-22 (PCR Product
Amplified from pZX4 Using As4-19 and As4-22 Primers) with the ars Gene
Cluster of Sinorhizobium sp. (As4)
As4-19-22

3 gaatTCACAGATCAAACATCTGTTACCATTGACCGTGACATTTTAGATAA 52
||

As4

As4-19-22

||||||||||||||||||||||||||||||||||||||||||||||

2203 GATATCACAGATCAAACATCTGTTACCATTGACCGTGACATTTTAGATAA 2252

53 GGCGGATCTTGTTGTAACACTTTGTGGTCACGCAAATGATGTATGTCCAA 102
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2253 GGCGGATCTTGTTGTAACACTTTGTGGTCACGCAAATGATGTATGTCCAA 2302

103 CAACGCCACCACATGTAAAACGAGTTCATTGGGGATTTGATGATCCAGCT 152
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2303 CAACGCCACCACATGTAAAACGAGTTCATTGGGGATTTGATGATCCAGCT 2352

153 GGTCAAGAGTGGTCTGTATTCCAAAAAGTTCGTGATGAGATTGGCGAACG 202
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2353 GGTCAAGAGTGGTCTGTATTCCAAAAAGTTCGTGATGAGATTGGCGAACG 2402

203 TATCAAAAAATTCGCTGAAACAGGAGAATAATTGAAAACTAAATATTTGT 252
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2403 TATCAAAAAATTCGCTGAAACAGGAGAATAATTGAAAACTAAATATTTGT 2452

253 AGCCGAGAATCTTTTTCTCGGCTTCTTTTGTAAAGAAGGGAAGAAATCAA 302
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2453 AGCCGAGAATCTTTTTCTCGGCTTCTTTTGTAAAGAAGGGAAGAAATCAA 2502

303 AGATGAAGAAGATAGAAATTTTTGATCCTGCAATGTGTTGTTCTACTGGG 352
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2503 AGATGAAGAAGATAGAAATTTTTGATCCTGCAATGTGTTGTTCTACTGGG 2552

353 GTTTGCGGACCGAGTGTTGACCCAGAGTTAATTCGTGTATCAGTTGCTGT 402
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2553 GTTTGCGGACCGAGTGTTGACCCAGAGTTAATTCGTGTATCAGTTGCTGT 2602

403 TAACAACTTAAAGAATAAAGGAATTGATGTGACACGTTATAATTTGGCAA 452
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2603 TAACAACTTAAAGAATAAAGGAATTGATGTGACACGTTATAATTTGGCAA 2652
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As4-19-22

453 GTGAACCAGATGCATTTGCCAATAATGTTGTTATCAGTCAACTATTAACA 502
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2653 GTGAACCAGATGCATTTGCCAATAATGTTGTTATCAGTCAACTATTAACA 2702

503 GATAAAGGACCAGACGTATTGCCTGTAACTTTGGTAGATGGAAAAGTAGT 552
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2703 GATAAAGGACCAGACGTATTGCCTGTAACTTTGGTAGATGGAAAAGTAGT 2752

553 AAAAGAAAAAAGTCACCTGACAAATGAAGAACTTACACAACTAACAGATG 602
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2753 AAAAGAAAAAAGTCACCTGACAAATGAAGAACTTACACAACTAACAGATG 2802

603 TAACAGAAGAAGAGTTGAGTCAAAAGCCAGTCGTACGTTTAAAGTTAAAC 652
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-22

2803 TAACAGAAGAAGAGTTGAGTCAAAAGCCAGTCGTACGTTTAAAGTTAAAC 2852

653 GTGAAAAAATAGAGAAAGAAGTGAAAGGCAATGAC 687
|||||||||||||||||||||||||||||||||||

As4

2853 GTGAAAAAATAGAGAAAGAAGTGAAAGGCAATGAC 2887

105

Appendix 3.3: Nucleotide Sequence Comparison of As4-19-20 (PCR Product
Amplified from pZX4 Using As4-19 and As4-20 Primers) with the ars Gene
Cluster of Sinorhizobium sp. (As4)
As4-19-20

1 AAGAATTCCCAAAATAATCGTTGCAAAAGGGATGAGCTAATGTATAAAAA 50
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-20

123 AAGAATTCCCAAAATAATCGTTGCAAAAGGGATGAGCTAATGTATAAAAA 172

51 GGGGGGATATTTTTGATTGATCAATTATTTATTGTGGGGATATACCTACT 100
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

173 GGGGGGATATTTTTGATTGATCAATTATTTATTGTGGGGATATACCTACT 222

As4-19-20

101 AATCATTTTTATGTGTACATATATCACATTAGAGTATCAACAGCATAAAA 150
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

223 AATCATTTTTATGTGTACATATATCACATTAGAGTATCAACAGCATAAAA 272

As4-19-20

151 TGAGTAGAAATCATTATGTAGTATGGTTAGTTGCTGTTTTTTTAACAGGA 200
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

273 TGAGTAGAAATCATTATGTAGTATGGTTAGTTGCTGTTTTTTTAACAGGA 322

As4-19-20

201 CCATTCGGTTTCCTTTTATACCTGTTATGTGGAAAGAGATACAACGGTCT 250
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

323 CCATTCGGTTTCCTTTTATACCTGTTATGTGGAAAGAGATACAACGGTCT 372

As4-19-20

251 GTAAGAATACGCTGTAAAGAAGTATTGTAAAGGTTTTGTAAAAAATGAGC 300

As4

373 GTAAGAATACGCTGTAAAGAAGTATTGTAAAGGTTTTGTAAAAAATGAGC 422

As4-19-20

301 TTTTCAGTTGAATATATAAGCGGTTAATTATATACTTATTTCAAGAGGGA 350

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

423 TTTTCAGTTGAATATATAAGCGGTTAATTATATACTTATTTCAAGAGGGA 472

As4-19-20

351 GAGAAAATTAAATATGAATCCATTTAATGAATATTACGTTTAATTTTTAC 400
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

473 GAGAAAATTAAATATGAATCCATTTAATGAATATTACGTTTAATTTTTAC 522

As4-19-20

401 TCAACATATAAGTATATGCTTATGCAATTATGAAAAGGAGGTATAGATAT 450
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

523 TCAACATATAAGTATATGCTTATGCAATTATGAAAAGGAGGTATAGATAT 572
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As4-19-20

451 GGAAAAAACGGTTATAGAATTAACAAGAGTGTCACAGTTATTAAAGCTAC 500
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

573 GGAAAAAACGGTTATAGAATTAACAAGAGTGTCACAGTTATTAAAGCTAC 622

As4-19-20

501 TAGGAGACAAAACAAGGCTAACAATAGTATCAATTCTCAAACAACGTGAG 550
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

623 TAGGAGACAAAACAAGGCTAACAATAGTATCAATTCTCAAACAACGTGAG 672

As4-19-20

551 TGTTGTGTATGTGAATTACTTGAAGTATTTGATATGAGTCAGCCTTCTAT 600
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

673 TGTTGTGTATGTGAATTACTTGAAGTATTTGATATGAGTCAGCCTTCTAT 722

As4-19-20

601 TAGTCAGCATCTTAGGAAATTAAAGGATTTAGGTTTAGTACAAGAAGAGC 650
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

723 TAGTCAGCATCTTAGGAAATTAAAGGATTTAGGTTTAGTACAAGAAGAGC 772

As4-19-20

651 GGAGAGGTCAGTGGATTTATTATTCTTTAAATCAAGCAAGTGATTTATAC 700

As4

773 GGAGAGGTCAGTGGATTTATTATTCTTTAAATCAAGCAAGTGATTTATAC 822

As4-19-20

701 ACAATTTTAGAAGATGTTTTAGCGCATGTACCAGACCAAACAGAGAAAAT 750

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

823 ACAATTTTAGAAGATGTTTTAGCGCATGTACCAGACCAAACAGAGAAAAT 872

As4-19-20

751 TAAACAAATTGAGAAGAGCAATCCTACACTCCGGTGTGGTTGTTAATAAA 800
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

873 TAAACAAATTGAGAAGAGCAATCCTACACTCCGGTGTGGTTGTTAATAAA 922

As4-19-20

801 TAGTCAGAAAGGGAAGTGAGAAGGATGAGCAACACGGGGAAAAAACGTCT 850
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

923 TAGTCAGAAAGGGAAGTGAGAAGGATGAGCAACACGGGGAAAAAACGTCT 972

As4-19-20

851 GTCTTTCCTAGATCGATATCTAACCCTTTGGATTTTTCTTGCGATGGCAG 900
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

973 GTCTTTCCTAGATCGATATCTAACCCTTTGGATTTTTCTTGCGATGGCAG 1022

As4-19-20

901 TAGGAATTGGAGTTGGCTATCTATCCCCTGGATTTGTTGAGGGAATGAAT 950
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

As4-19-20

1023 TAGGAATTGGAGTTGGCTATCTATCCCCTGGATTTGTTGAGGGAATGAAT 1072

951 AGCTTACAAGTAGGAACAACTTCTATCCCACTTGCGATTGGATTAATTTT 1000
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1073 AGCTTACAAGTAGGAACAACTTCTATCCCACTTGCGATTGGATTAATTTT 1122
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As4-19-20

1001 AATGATGTACCCACCACTTGCGAAAGTTCGCTACGAAGAAATGGGGCGCG 1050
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1123 AATGATGTACCCACCACTTGCGAAAGTTCGCTACGAAGAAATGGGGCGCG 1172

As4-19-20

1051 TTTTTAAAGATGTAAAAGTATTGATATTATCACTGGTGCAAAACTGGATT 1100
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1173 TTTTTAAAGATGTAAAAGTATTGATATTATCACTGGTGCAAAACTGGATT 1222

As4-19-20

1101 ATTGGACCTGTATTAATGTTCGCCTTGGCTGTTATATTCCTGCCAGATAA 1150
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1223 ATTGGACCTGTATTAATGTTCGCCTTGGCTGTTATATTCCTGCCAGATAA 1272

As4-19-20

1151 GCCAGAATATATGGTGGGATTAATCATGATTGGCCTAGCTCGTTGTATTG 1200
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1273 GCCAGAATATATGGTGGGATTAATCATGATTGGCCTAGCTCGTTGTATTG 1322

As4-19-20

1201 CAATGGTTATCGTTTGGAACGACCTAGCAAAAGGTGATACGGAGTATGCG 1250

As4

1323 CAATGGTTATCGTTTGGAACGACCTAGCAAAAGGTGATACGGAGTATGCG 1372

As4-19-20

1251 GCAGGATTAGTTGCTTTTAACTCTGTATTCCAAATGTTATTTTTCTCAGT 1300

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

1373 GCAGGATTAGTTGCTTTTAACTCTGTATTCCAAATGTTATTTTTCTCAGT 1422

As4-19-20

1301 ATACGCTTATGTGTTTGTAACAGTCATTCCAGAATGGCTAGGAATTGAAG 1350
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1423 ATACGCTTATGTGTTTGTAACAGTCATTCCAGAATGGCTAGGAATTGAAG 1472

As4-19-20

1351 GAGCTGTTGTAGATATTACAATGGCAGAGGTTGCAAAATCAGTCTTTATT 1400
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1473 GAGCTGTTGTAGATATTACAATGGCAGAGGTTGCAAAATCAGTCTTTATT 1522

As4-19-20

1401 TACTTAGGAATTCCGTTTATTGCAGGAATGTTAACACGTTTTATCTTTGT 1450
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1523 TACTTAGGAATTCCGTTTATTGCAGGAATGTTAACACGTTTTATCTTTGT 1572

As4-19-20

1451 AAAAACAAAAGGCCGAGAGTGGTATGAAAAAGTACTTATACCAAAGATTA 1500

As4

1573 AAAAACAAAAGGCCGAGAGTGGTATGAAAAAGTACTTATACCAAAGATTA 1622

As4-19-20

1501 GTCCAATCACATTAATCGCATTGTTATTTACAATTGTTGTGATGTTCTCA 1550

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

1623 GTCCAATCACATTAATCGCATTGTTATTTACAATTGTTGTGATGTTCTCA 1672
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As4-19-20

1551 TTAAAAGGAGAGGTCATTGTTAGCGTACCATTTGATGTTGTACGTATTGC 1600
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1673 TTAAAAGGAGAGGTCATTGTTAGCGTACCATTTGATGTTGTACGTATTGC 1722

As4-19-20

1601 AATTCCATTACTCATTTATTTTGTAATCATGTTTTTTGTCTCCTTCTATA 1650
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1723 AATTCCATTACTCATTTATTTTGTAATCATGTTTTTTGTCTCCTTCTATA 1772

As4-19-20

1651 TGGGCAAAAAAGTGGGTGCAAGTTATGGGGTATCAACAACATTAGCATTT 1700
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1773 TGGGCAAAAAAGTGGGTGCAAGTTATGGGGTATCAACAACATTAGCATTT 1822

As4-19-20

1701 ACAGCTGGTAGTAATAATTTTGAATTAGCAATCGCTGTAGCTGTAGGGGT 1750
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1823 ACAGCTGGTAGTAATAATTTTGAATTAGCAATCGCTGTAGCTGTAGGGGT 1872

As4-19-20

1751 ATTTGGAATTCAGTCTGGTGCAGCGTTTGCAGCAGTTATCGGACCTTTAG 1800

As4

1873 ATTTGGAATTCAGTCTGGTGCAGCGTTTGCAGCAGTTATCGGACCTTTAG 1922

As4-19-20

1801 TTGAGGTACCAGTAATGATTGCTCTCGTAAATGTAGCACTCTGGTTCCAG 1850

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

1923 TTGAGGTACCAGTAATGATTGCTCTCGTAAATGTAGCACTCTGGTTCCAG 1972

As4-19-20

1851 CGTAAATACTTTCAAACACAACCAAAATAAATATTCATAAAAAAGGTGGA 1900
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

1973 CGTAAATACTTTCAAACACAACCAAAATAAATATTCATAAAAAAGGTGGA 2022

As4-19-20

1901 ATTATCATGGAAAACAAAAAAACAATTTACTTCTTATGCACAGGAAACTC 1950
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2023 ATTATCATGGAAAACAAAAAAACAATTTACTTCTTATGCACAGGAAACTC 2072

As4-19-20

1951 TTGTCGTAGCCAAATGGCAGAAGCTTGGGGCAAAAAATATTTAGGTGACA 2000
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2073 TTGTCGTAGCCAAATGGCAGAAGCTTGGGGCAAAAAATATTTAGGTGACA 2122

As4-19-20

2001 AATGGAATGTACTTTCTGCTGGTATTGAAGCGCATGGAGTAAATCCCAAT 2050

As4

2123 AATGGAATGTACTTTCTGCTGGTATTGAAGCGCATGGAGTAAATCCCAAT 2172

As4-19-20

2051 GCAATTAAAGCAATGAACGAAGTAGACATTGATATCACAGATCAAACATC 2100

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

2173 GCAATTAAAGCAATGAACGAAGTAGACATTGATATCACAGATCAAACATC 2222
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As4-19-20

2101 TGTTACCATTGACCGTGACATTTTAGATAAGGCGGATCTTGTTGTAACAC 2150
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2223 TGTTACCATTGACCGTGACATTTTAGATAAGGCGGATCTTGTTGTAACAC 2272

As4-19-20

2151 TTTGTGGTCACGCAAATGATGTATGTCCAACAACGCCACCACATGTAAAA 2200
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2273 TTTGTGGTCACGCAAATGATGTATGTCCAACAACGCCACCACATGTAAAA 2322

As4-19-20

2201 CGAGTTCATTGGGGATTTGATGATCCAGCTGGTCAAGAGTGGTCTGTATT 2250
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2323 CGAGTTCATTGGGGATTTGATGATCCAGCTGGTCAAGAGTGGTCTGTATT 2372

As4-19-20

2251 CCAAAAAGTTCGTGATGAGATTGGCGAACGTATCAAAAAATTCGCTGAAA 2300
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2373 CCAAAAAGTTCGTGATGAGATTGGCGAACGTATCAAAAAATTCGCTGAAA 2422

As4-19-20

2301 CAGGAGAATAATTGAAAACTAAATATTTGTAGCCGAGAATCTTTTTCTCG 2350

As4

2423 CAGGAGAATAATTGAAAACTAAATATTTGTAGCCGAGAATCTTTTTCTCG 2472

As4-19-20

2351 GCTTCTTTTGTAAAGAAGGGAAGAAATCAAAGATGAAGAAGATAGAAATT 2400

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

2473 GCTTCTTTTGTAAAGAAGGGAAGAAATCAAAGATGAAGAAGATAGAAATT 2522

As4-19-20

2401 TTTGATCCTGCAATGTGTTGTTCTACTGGGGTTTGCGGACCGAGTGTTGA 2450
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2523 TTTGATCCTGCAATGTGTTGTTCTACTGGGGTTTGCGGACCGAGTGTTGA 2572

As4-19-20

2451 CCCAGAGTTAATTCGTGTATCAGTTGCTGTTAACAACTTAAAGAATAAAG 2500
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2573 CCCAGAGTTAATTCGTGTATCAGTTGCTGTTAACAACTTAAAGAATAAAG 2622

As4-19-20

2501 GAATTGATGTGACACGTTATAATTTGGCAAGTGAACCAGATGCATTTGCC 2550
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2623 GAATTGATGTGACACGTTATAATTTGGCAAGTGAACCAGATGCATTTGCC 2672

As4-19-20

2551 AATAATGTTGTTATCAGTCAACTATTAACAGATAAAGGACCAGACGTATT 2600

As4

2673 AATAATGTTGTTATCAGTCAACTATTAACAGATAAAGGACCAGACGTATT 2722

As4-19-20

2601 GCCTGTAACTTTGGTAGATGGAAAAGTAGTAAAAGAAAAAAGTCACCTGA 2650

||||||||||||||||||||||||||||||||||||||||||||||||||

||||||||||||||||||||||||||||||||||||||||||||||||||
As4

2723 GCCTGTAACTTTGGTAGATGGAAAAGTAGTAAAAGAAAAAAGTCACCTGA 2772
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As4-19-20

2651 CAAATGAAGAACTTACACAACTAACAGATGTAACAGAAGAAGAGTTGAGT 2700
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2773 CAAATGAAGAACTTACACAACTAACAGATGTAACAGAAGAAGAGTTGAGT 2822

As4-19-20

2701 CAAAAGCCAGTCGTACGTTTAAAGTTAAACGTGAAAAAATAGAGAAAGAA 2750
||||||||||||||||||||||||||||||||||||||||||||||||||

As4

2823 CAAAAGCCAGTCGTACGTTTAAAGTTAAACGTGAAAAAATAGAGAAAGAA 2872

As4-19-20

2751 GTGAAAGGCAATGAC 2765
|||||||||||||||

As4

2873 GTGAAAGGCAATGAC 2887

* Comparison was made using BestFit program (GCG). Nucleotide numbers corresponding to each
sequence are indicated on the left and right. As4: Sinorhizobium sp. ars gene cluster (AC. AF178758. Xu
and Zhang, 1999).
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